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Preface 


This  document  contains  the  proceedings  of  the  NASA  Electrical  Actuation 
Technology  Bridging  (ELA-TB)  Workshop  held  in  Huntsville,  Alabama,  September  29- 
October  1, 1992.  The  workshop  was  sponsored  by  NASA  Office  of  Space  Systems 
Development  and  Marshall  Space  Flight  Center  (MSFC).  The  workshop  addressed  key 
technologies  bridging  the  entire  field  of  electrical  actuation  including  systems 
methodology,  control  electronics,  power  source  systems,  reliability,  maintainability,  and 
vehicle  health  management  with  special  emphasis  on  thrust  vector  control  (TVC) 
applications  on  NASA  launch  vehicles.  Speakers  were  drawn  primarily  from  industry 
with  participation  from  universities  and  government.  In  addition,  prototype  hardware 
demonstrations  were  held  at  the  MSFC  Propulsion  Laboratory  each  afternoon.  Splinter 
sessions  held  on  the  final  day  afforded  participants  the  opportunity  to  discuss  key  issues 
and  to  provide  overall  recommendations.  All  presentations  are  included  in  this  document. 

The  workshop  organizers  express  their  appreciation  to  the  session  chairmen, 
speakers,  and  participants,  whose  efforts  contributed  to  the  technical  excellence  of  the 
workshop. 
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Summary  of  the 

Electrical  Actuation  - Technology  Bridging  Workshop 


The  1992  Electrical  Actuation  (ELA)  - Technology  Bridging  Workshop  was 
held  at  the  Radisson  Suite  Hotel  in  Huntsville,  Alabama,  September  29  - 
October  1, 1992.  This  workshop  was  sponsored  by  NASA  Headquarters/Code 
DD  and  hosted  by  the  Component  Development  Division  of  the  Propulsion 
Laboratory  at  the  Marshall  Space  Flight  Center.  The  workshop  addressed 
key  technology  issues  in  the  field  of  electromechanical  actuation  including 
system  design,  control  electronics,  power  source  systems,  vehicle  health 
monitoring,  reliability,  and  maintainability,  with  special  emphasis  on  thrust 
vector  control  (TVC)  applications  on  NASA  launch  vehicles.  In  addition,  the 
workshop  provided  the  opportunity  for  discussion  of  near-term  power  source 
developments  and  ELA  system  requirements  between  the  ELA  systems  and 
the  power  source  communities. 

Approximately  150  individuals  from  both  government  and  industry 
participated  in  the  workshop.  Attendance  is  listed  starting  on  page  3.  The 
final  workshop  agenda  is  listed  starting  on  page  11. 

One  of  the  more  productive  outputs  of  the  workshop  resulted  from  the 
splinter  sessions.  These  sessions  afforded  participants  the  opportunity  to 
discuss  key  issues  and  to  provide  overall  recommendations.  Most  frequently 
emphasized  was  the  need  for  detailed  requirements  for  actuator,  power 
source,  and  control  electronics.  These  requirements  are  essential  to  perform 
detailed  system  trade  studies  in  order  to  meet  the  critical  element  of  a hot 
fire  test  on  the  SSME  Technology  Test  Bed  (TTB).  A listing  of  suggested 
topics  provided  to  each  splinter  session  group,  along  with  a summary  output 
from  each  group,  is  provided  starting  on  page  1. 

Hardware  demonstrations  were  held  at  the  MSFC  Propulsion  Laboratory 
each  afternoon  of  the  workshop.  Basic  performance  criteria  were 
demonstrated  by  the  following: 

- Boeing/Allied  Signal  EHA  TVC  Prototype 

- Honeywell  Prototype  Redundant  TVC  and  Health  Management 

- LeRC/GDSS  Induction  Motor  Prototype  TVC 

- MSFC  Prototype  TVC  Actuator 

- Boeing  Turbo- Alternator 

- Moog  Prototype  TVC  Actuator 

- MSFC  and  Textron  SSME  Propellant  Control  Valve  Actuator 

The  GHe  turbo-alternator  was  developed  by  Boeing  and  Allied  Signal  under 
the  JPO-ADP  Program.  The  primary  objective  for  this  program  was  to 
demonstrate  a helium  driven  turbo-alternator  suitable  for  powering 
electrically  driven  thrust  vector  control  actuators.  The  hardware  consisted  of 
a single  stage  axial  impulse  turbine  directly  driving  a 50  kW  2-pole  toothless 
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permanent  magnet  alternator.  The  power  conversion  and  control  scheme 
used  was  a 3-phase  rectified  bridge  and  speed  control  loop  for  adjusting 
alternator  output.  The  electrical  power  quality  objective  for  this  equipment 
was  a modified  version  of  MIL-STD-704  desired  to  minimize  corona  effects 
during  launch  vehicle  operation.  The  upper  transient  value  of  2730  was 
imposed  for  that  reason,  and  a nominal  bus  voltage  of  220  volts  was  selected. 
The  GHe  turbo-alternator  was  demonstrated  successfully  under  a multitude 
of  no  load  and  full  load  conditions  and  is  currently  completing  tests  at  Allied 
Signal's  AiResearch  Division. 

The  electromechanical  actuator  (EMA)  developed  under  contract  by  HR 
Textron  is  to  replace  the  hydraulic  main  oxidizer  valve  (MOV)  on  the  space 
shuttle  main  engine  (SSME).  The  unit  was  delivered  to  MSFC  one  week 
prior  to  the  workshop;  as  a result,  no  test  data  was  presented  other  than 
acceptance  test  performed  at  HR  Textron.  The  plans  for  this  EMA  for  the 
next  year  or  year  and  one-half  encompass  characterization  tests,  vibration, 
shock  EMI,  EMC,  flow  tests,  and  flight  simulation  laboratory  (FSL)  tests. 

The  summation  of  these  tests  assure  that  the  EMA  meets  the  requirements 
imposed  on  the  hydraulic  MOV  actuator  and  qualifies  it  to  go  to  Technology 
Test  Bed  for  an  engine  hot  fire  test. 

A table  of  TVC  prototype  hardware  comparisons  is  found  on  page  xvii,  along 
with  color  photocopies  of  the  demonstrated  hardware. 

The  general  consensus  of  the  workshop  was  that  ELA  technology  has  been 
demonstrated  to  be  feasible  for  SSME/STME  class  TVC  systems,  as  shown  by 
the  performance  capabilities  of  the  workshop  prototype  hardware.  However, 
an  overall  strategy  towards  transferring  this  technology  to  a flight  program, 
along  with  the  development  of  several  key  tools,  is  still  undefined.  Specific 
requirements  must  also  be  provided  in  order  to  focus  the  ELA  program. 
Recommendations  were  made  to  hold  a power  source  Technical  Interchange 
Meeting  (TIM)  within  6 months  at  Kennedy  Space  Center.  The  next  ELA 
workshop  was  recommended  to  be  held  no  sooner  than  12  months  from  now, 
focusing  on  full-power  TVC/ELA  demonstrations  with  redundancy 
management  capabilities. 

Proceedings  from  the  1992  ELA  Technology  Bridging  Workshop  are  being 
distributed  with  a video  summary  of  the  prototype  hardware  demonstrations. 
The  successful  completion  of  this  workshop  represents  a major  milestone  in 
the  development  of  ELA  systems  for  TVC  applications.  The  support  of  NASA 
Headquarters/Code  DD  in  achieving  this  success  is  gratefully  acknowledged. 
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NASA  ELECTRICAL  ACTUATION  TECHNOLOGY  BRIDGING  WORKSHOP 
MARSHALL  SPACE  FLIGHT  CENTER 

AGENDA 

FOR 

TUESDAY,  SEPTEMBER  29,  1992 


7:40  Check-in 

8:00  Session  I.  EL  A Program  Overviews 

1.  NASA  HQ  Perspective 

2.  KSC/STS  Hydraulic  Operations 

3.  ELA-TB  Program  Overview 

9:15  Break 

4.  NLS  Keynote  Speaker 

5.  DOD  ELA  Program  Overview 

10:00  Session  n.  ELA  Systems  Methodology 

L EMA  Avionics  Design  Methodology 

2.  EHA  Design  Methodology 

11:00  Lunch 

12:00  Session  HI.  ELA  Control  Electronics  Chairman:  David  Howard/MSFC 

1.  DC  Motor  Control  Electronics  Justino  Montenegro/MSFC 

2.  AC  Induction  Motor  Control  Electronics  Ken  Schreiner/GDSS 

3.  DC  Motor  Micro-Controller  Design  Collin  Hugget/Allied  Signal 

4.  TVC  Engine  Start  Transient  Response  Jeff  Ring/Honeywell 

1:30  Session  IV.  ELA  Prototype  Designs  & Test  Results  Chairman:  Monica  Hammond/MSFC 

1.  Boeing/Allied  Signal  - EHA  TVC  Prototype 

2.  Honeywell  Prototype  Redundant  TVC  and  Health  Management 


2:30 

Session  V.  ELA  HARDWARE  DEMONSTRATIONS 

Group  I 

Group  II 

Group  III 

2:45 

Depart  Radisson 

EMA  Motor/Gear  Optimization  - George  Doane/UAH 

3:00 

Boeing/ASAC  Demo 

Propellant  Control  Valve 

EMA  & BIT  - Matt  Lister/Aerojet 

3:20 

Honeywell  Demo 

Depart  Radisson 

Depart  Radisson 

3:45 

Depart  MSFC 

Boeing/ASAC  Demo 

Space  Station  Tour 

4:05 

Open 

Honeywell  Demo 

Space  Station  Tour  (con’t) 

4:25 

Open 

Depart  MSFC 

Boeing/ASAC  Demo 

4:45 

Open 

Open 

Honeywell  Demo 

5:05 

Open 

Open 

Depart  MSFC 

5:15 

Close  of  Business 
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Chairman:  Charles  Cornelius/MSFC 
Paul  Herr/Code  DD 
Carey  McCleskey/KSC 
Gale  Sundberg/LeRC 

Rick  Bachtel/MSFC 
David  Homan/DOD 

Chairman:  John  Harbison/MSFC 
Jim  Mildice/GDSS 
John  Anderson/Boeing 


NASA  ELECTRICAL  ACTUATION  TECHNOLOGY  BRIDGING  WORKSHOP 
MARSHALL  SPACE  FLIGHT  CENTER 

AGENDA 

FOR 

WEDNESDAY,  SEPTEMBER  30,  1992 


7:40  Check-in 


8:00  Session  VI.  EL  A Power  Source  Systems 

1 . Bipolar  Lead- Acid  Batteries 

2.  Silver  Zinc  Batteries 

3.  Bipolar  Lithium  Batteries 

4.  Advanced  Flywheel  Technology 

9:30  Break 

5.  Turbo- Alternators 

6.  NLS  GH2  Turbo- Alternator 

7.  ELA  Power  Source  Simulators 


Chairman:  David  Hall/MSFC 
Doug  Pierce/Johnson  Controls 
Curtis  Brown/Eagle-Picher 
Franz  Goebel /Yardney 
David  Eisenhauer/SatCon 

Cliff  Jacobs/Sundstrand 
John  Anderson/Boeing 
Mike  Bradway/LESC 


10:45  Session  VII.  ELA  Operations 

1 . ELA  Operations  Test  Bed 

2.  Cryrogenic  Ground  Support  Applications 

3.  High  Technology  Test  Bed 

12:00  Lunch 


Chairman:  Carey  McCleskey 
Carey  McCleskey/KSC 
Bill  St.  Cyr/SSC 
Bob  Brogdon/Lockheed 


1:00  Session  VIII.  ELA  Prototype  Designs  &Test  Results  Chairman:  Monica  Hammond/MSFC 

1.  LeRC/GDSS  Induction  Motor  Prototype  TVC 

2.  MSFC  TVC  Prototype 

3.  Boeing  Turbo-Alternator 

2: 15  Session  IX.  ELA  HARDWARE  DEMONSTRATIONS 


2:15 

2:30 

2:50 

3:10 

3:30 

3:50 

4:10 

4:30 

4:50 

5:10 

5:20 


Group  I 
Depart  Radisson 
LeRC/GDSS  Demo 
MSFC  TVC  Demo 


Boeing  Turbo-Alt. 

Depart  MSFC 

Open 

Open 

Open 

Open 

Open 

Open 


Group  II  Group  III 

Break  Break 

ELA  Gear  Train,  Roller  & Ball  Screw  Components 
Kurt  Niederpruem/  1TW  Spiroid 


Depart  Radisson 
LeRC/GDSS  Demo 
MSFC  TVC  Demo 
Boeing  Turbo-Alt. 
Depart  MSFC 
Open 
Open 
'Open 


Depart  Radisson 
Technology  Test  Bed 
Technology  Test  Bed  (con't) 
Technology  Test  Bed  (con’t) 
LeRC/GDSS  Demo 
MSFC  TVC  Demo 
Boeing  Turbo-Alt. 

Depart  MSFC 


5:30  Close  of  Business 
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NASA  ELECTRICAL  ACTUATION  TECHNOLOGY  BRIDGING  WORKSHOP 
MARSHALL  SPACE  FLIGHT  CENTER 

AGENDA 

FOR 

THURSDAY,  OCTOBER  1,  1992 


7:40  Check-in 


8:00 


Session  X. 
1. 
2. 

3. 

4. 


EMA  FDIR  and  VHM 

EMA  Health  Management  Using  Smart  Sensors 
Intelligent  BIT  on  EMA 
Fault  Tolerant  System  Test  for  ELA 
TVC  FMEA  and  Failures  in  Test 


Chairman:  Fred  Huffaker/MSFC 
Jeff  Schoess/Honeywell 
Erv  Hanson/LeRC 
Norm  Osbom/Martin  Marietta 
Rae  Ann  Weir/MSFC 


10:00  Session  XI.  Splinter  Session  Assignments 
. 1.  System  Designs 

2.  Control  Electronics 

3.  Power  Source  Systems 

4.  Operations  and  Ground  Support 

5.  Redundancy  and  Health  Management 

11:00  ELA  Working  Lunch  (Radisson  Magnolia  Room) 
12:00  Splinter  Session  Recommendations 


Dave  Renz/LeRC 
Justino  Montenegro/MSFC 
David  Hall/MSFC 
Carey  McCleskey/KSC 
Don  Brown/JSC 


Chairman:  John  Sharkey /MSFC 


1:00  Session  XII.  ELA  Prototype  Design  & Test  Results  Chairman:  Monica  Hammond/MSFC 

1.  Moog  Prototype  TVC  Actuator 

2.  MSFC  & Textron  SSME  Propellant  Control  Valve  Actuators 

3.  Allied  Signal  TVC  EMA  Prototype 


2:15 

Session  XIII.  ELA  HARDWARE  DEMONSTRATIONS 

GrouD  I 

GrouD  II 

GrouD  III 

2:15 

Depart  Radisson 

Open 

Open 

2:30 

Moog  Demo 

Open 

Open 

2:50 

MSFC/Textron  Demo 

Open 

Open 

3:10 

Allied-Signal  EMA  Demo  Depart  Radisson 

Depart  Radisson 

3:30 

Depart  MSFC 

Moog  Demo 

Large  Space  Structures  Tour 

3:50 

Open 

MSFC/Textron  Demo 

Large  Space  Structures  Tour 

4:10 

Open 

Allied-Signal  EMA  Demo  Large  Space  Structures  Tour 

4:30 

Open 

Depart  MSFC 

Moog  Demo 

4:50 

Open 

Open 

MSFC/Textron  Demo 

5:10 

Open 

Open 

Allied-Signal  EMA  Demo 

5:20 

Open 

Open 

Depart  MSFC 

5:30 

Close  of  Business 
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LeRC/GDSS  INDUCTION  MOTOR  PROTOTYPE  TVC 
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BOEING  TURBO- ALTERNATOR 
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MSFC  AND  TEXTRON  SSME  PROPELLANT  CONTROL  VALVE  ACTUATOR 
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Integrated  Vehicle  Health  Management  Technology  Bridging  Program 


SELECTED  DEMONSTRATIONS  SUMMARY 
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CURRENT  BRIDGING  PROGAMS 
SUPPORT  CENTAUR  EVOLUTION 
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Adaptive  Guidance  Navigation  & Control  (AGN&C) 

• Automated  mission  planning  with  6:1  reduction  in  planning  time 

• Reassignment  of  payloads  in  5 days 
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Office  Of  Space  Systems  Development 
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LAUNCH  SITE  ELECTRIC  ACTUATION  STUDY 
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SRB  REFURBISHMENT  OPERATIONS 
HANGAR  AF  COMPLEX 
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SURFACE  PREP  FACILITY  - USBI 
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ASSEMBLY  AND  REFURBISHMENT 
FACILITY  (ARF) 

MANUFACTURING  BUILDING 


Fig  2.2.1. 2.1-1 
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ARF  MANUFACTURING  BUILDING  T VC  AREAS 
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AFT  SKIRT  TEST  FACILITY  AREAS  vs  OPERATIONS 
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SRB  C I L LRU ’s  ASSESSMENT 
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ASSUMES  NO  LRU’s  EXPLOSIVE  OR  WHICH  PROPAGATE  FIRE 

INCLUDES  CAT  1 ATVC  INTERFACE  BOX,  + 2 CAT  1R  CABLE  HARNESS,  + 1 CAT  1R  POWER  HARNESS 
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LRU/COMPONENTS  INSPECTION  REFURBISHMENT,  TEST  AND  CHECKOUT  IS  COVERED  AS  A 
COST  ITEM. 


orb  TVC 

APU/HYDRAULICS  VS.  ELECTROMECHANICAL  ACTUATION 
LRU/COMPONENTS  INSPECTION  REFURBISHMENT,  TEST  AND 
CHEKCOUT  COSTS 
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Assumed  protected  from  salt  water  contact  and  requires  on-site  bench  test  and  inspection  only. 


INTEGRATED  OPERATIONS 


STUDY  ASSUMPTIONS  FOR  THE  SRB  ELECTRICAL 
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STUDY  ASSUMPTIONS  FOR  THE  SRB  ELECTRICAL 
ACTUATION  THRUST  VECTOR  CONTROL  (TVC)  (Continued) 
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protection  against  credible  failure  modes. 


EMA  CONTROL  SYSTEMS  DESIGN  OPERATIONS  PROVISIONS 
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protective  clothing  and  grounding  of  personnel. 
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TVC  system  configured  for  launch  and  closeout. 


Lewis  Research  Center 
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ELA-TECHNOLOGY  BRIDGING  PROJECT  WORKSHOP 

MARSHALL  SPACE  FLIGHT  CENTER,  ALABAMA 


ELA  TECHNOLOGY  BRIDGING  PROJECT  WORKSHOP 
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Technology  "Bridging''  Concept 

'Technology  Bridging"  is  a process  that  was  spawned  by  the 
Strategic  Avionics  Technology  Working  Group  (SATWG). 
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Electrical  Actuation  Technology  Bridging 


Electrical  Actuation  Technology  Bridging  Project  Objectives 
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Electrical  Actuation  Technology  Bridging 


Electrical  Actaution  Technology  Need 
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Electrical  Actuation  Technology  Bridging 
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- PARAMETER  NOT  APPLICABLE/AVAILABLE 
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ELA  Technology  Bridging  Team/Roles 
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Electrical  Actuation  Technology  Bridging 
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JUNE  4, 1992  Carey  M.  McCleskey 
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SRB  TVC  HYDRAULICS 
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NATIONAL  LAUNCH  SYSTEM 
AVIONICS 
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REDUCE  CHECK-OUT  FLOWS/OPS.  COSTS  (3)  40  Hp  EMA  SUBSYSTEM  DEVELOPED  AND  DEMONSTRATED  (MOTOR 

CONTROLLER.  ADVANCED  INDUCTION  MOTOR  AND  ACTUATOR) 

REDUCE  STAND  DOWN  TIME/COSTS 

(4)  60  Hp  FULL  SCALE  EMA  TVC  SUBSYSTEM  DEMONSTRATED  (POWER 
IMPROVE  DISPATCH  RELIABILITY.  LAUNCH  ON  DEMAND  SOURCE.  CONTROLLER.  MOTOR.  ACTUATOR  IN  AVIONICS  SYSTEM) 
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SYSTEM  MASSES  (AT  60  Hp  PEAK  FOR  NLS) 

- TOTAL  SINGLE  ENGINE  - TWO  ACTUATOR  SYSTEMS  = 520  Lbs. 

- COMPARABLE,  MODERN  DISTRIBUTED  HYDRAULICS  = 850  Lbs. 


FULL  SCALE.  60  HP  NLS  DEMONSTRATION  SYSTEM 
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- BALL  SCREW  WITH  DUAL  MOTOR  DRIVE 
• 48,200  LB  FORCE,  5.4  INCH  EXTENSION 

- WEIGHT  IS  ABOUT  225  LBS 
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THREE-PHASE  INDUCTION  MOTOR  BY  SUNDSTRAND 


LeRC  40  Hp  ELECTROMECHANICAL 
ACTUATOR  FOR  THRUST  VECTOR 
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MSFC  ADVANCED  DEVELOPMENT  PROGRAM 
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MSFC  60  Hp  EMA  Actuator  With  Quad 
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MSEC -CONTROL  MECHANISMS  & PROPELLANT  DELIVERY  BRANCH  - EP64 


MSFC  / Aerojet  Main  Engine  EMA 
Propellant  Valve  Actuator 
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MSEC -CONTROL  MECHANISMS  & PROPELLANT  DELIVERY  BRANCH  - El’f*4 


EMA  TEST  FACILITIES  AT  MSFC: 
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TEST  STAND  116  CRYROGENIC  FLOW  FACILITIES 


MSFC  EMA  TEST  PROGRAM  PARTICIPANTS 
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MSFC  - CONTROL  MECHANISMS  & PROPELLANT  DELIVERY  BRANCH 
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• Perform  in-house  testing  to  establish  capabilities,  reliability  and  cost  effectiveness  of 
replacing  hydraulic/pneumatic  actuators  with  Electrical  Actuators. 

♦ Coordinate  SSC  ELA  activity  with  JSC,  MSFC,  LeRC  and  KSC. 
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JSC  Electrical  Actuation  Test  Facility 
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NLS  Keynote  speaker 


Paper  Not  Available 


WL/FIGS 

Wright-Patterson  AFP,  OH  45433-6553 
Phone:(513)  255-8679 


WHY  Power -By -Wire? 


j 

i 

■i 


72 


MORE-ELECTRIC 
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MORE  ELECTRIC  AIRCRAFT  VISION 
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E-0260  - 


SYSTEM  LEVEL  PAYOFFS 
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COMMERCIAL  AIRCRAFT 
- MORE  THAN  2%  FUEL  SAVINGS 


REDUCE  SUPPORT  EQUIPMENT 
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2.  Hydrazine  Servicing  Cart  5.  Air  Conditioner 

3.  Hydraulic  Servicing  Cart  6.  Hydraulic  Mule 

Flight  Line  Battery  Support  Shop  (Not  Shown) 

16  C-141s  Required  to  Support  24  F-16s 
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Switch  Reluctance  Motor  Development 


POWER-BY-WIRE 
FLIGHT  CONTROL  ACTUATION 
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POWER-BY-WIRE 
FLIGHT  CONTROL  ACTUATION 


PBW  for  Fighter  Surface  Application 
EHA  from  Lab  Tests  to  Flight  Tests 


THE  ELECTRIC  STARLIFTER 
RAMTIP  PROJECT  #8817 
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-141  POUER-BY-HIRE 
AIRCRAFT 


ELECTRIC  STARLIFTER 

PROJECTED  C-141  OPERATIONAL  R&M  PAYOFFS 
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C-141 

POWER-BY-WIRE 

AIRCRAFT 

FIRST  FUGHT  - 4QFY94  DELI  VERY  TO  AMC 1 QFY95 


POWER-BY-WIRE 
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BASELINE  INFORMATION  FOR  NAVY 
A/X  PROGRAM 


FLIGHT  TEST  OBJECTIVES 
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ELECTRIC  ACTUATION 
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E-0248 
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ElectroHydrostatic  Actuator  (EHA 
for  Large  Aero  Surface  Application 
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Verify  System  & Subsystem  Models 
Document  Results 
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POWER -BY -WIRE 
FLIGHT  CONTROL  ACTUATION 
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Switch  Reluctance  Motor  Development 


FLIGHT  CONTROL  SYSTEMS 
ACTUATION  TECHNOLOGY 
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Provide  Flight  Control  Actuation  Support  to  Ongoing 
Wright  Laboratory  Programs 

- WL/FIG  (EPAD,  VISTA,  LAMARS) 

- WL/MLB  (NON-FLAMMABLE  FLUID) 
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MAKES  A GREAT  TOUR  STOP  IN  WRIGHT  LAB! 


FLIGHT  CONTROL  ACTUATION  LAB 


ORIGINAL  PAGE  IS 

OF  POOR  QUALITY 


CONCEPT  DEVELOPMENT 
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RINCIPAL  INVESTIGATOR: 

assachusetts  Institute  of  Technology  - Lincoln  Laboratory 


SWITCHED  VARIABLE  RELUCTANCE  (SVR) 
MOTOR  FOR  ELECTRIC  ACTUATION 

Mr  David  Homan,  WL/FIGL,  DSN  785-8679 
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Provides  Alternative  to  Current  State-of-the-Art  AC  & 
Brushless  DC  Motor  Driven  Actuators. 


POWER-BY-WIRE 
FLIGHT  CONTROL  ACTUATION 
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SESSION  II 


ELA  SYSTEMS  METHODOLOGY 


PRECEDING  PAGE  BLANK  NOT  FILMED 
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9INIRAL.  DYNAMICS 
Sp*<»  $y»tem»  Divition 


ELA/EMA  Control 
with 

Resonant  Power  Processors 


Jim  Mildice 


JWM-  1 


September,  1992 


PHf  CEDING  PAGE 


BLAfiK  NOT  FILMS) 
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Spsce  Symm*  Division 


ELA/EMA  Control  with  Resonant  Power  Processors 


ELA/EMA  System  Elements 


Load 


Actuator 


Motor 


PP/Control  I 


Pwr.Source  I 


• Fixed  force  + Inertia  + rates  + 
acceleration  - set  primary 
requirements 


• Rotary  to  linear  conversion  + 
gear  train  for  speed  matching 


• Prime  mover  - electrical  to 
mechanical  conversion  (several 
AC  technologies  available) 


• Control  of  motor  speed, 
direction,  and  output  torque 


• Energy  storage  (battery)  or 
conversion  (machinery) 
elements 
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The  system  in  this  discussion  is  a large  servo-type  hardware  and  software  assembly  typically 
found  in  large  launch  vehicle  TVC  applications,  or  aerosurface  control  of  large  aircraft.  It  can 
be  broken  into  major  elements  according  to  the  block  diagram  above. 

The  load  is  defined  by  the  steady-state  forces  required  to  provide  the  actual  movement  and  the 
acceleration  of  the  inertias  of  the  masses  to  be  moved.  The  dynamic  responses  are  defined  by 
the  vehicle  dynamics  and  the  external  forces  acting  on  the  vehicle.  Loads  are  typically  in  the 
25,000-  to  50,000-pound  range  for  an  NLS-2  class  vehicle. 

Because  of  the  short  time  allocated  for  this  discussion,  we  have  decided  to  provide  a summary 
of  General  Dynamics  conclusions  about  the  actuator,  motor,  and  power  processing  and  control 
elements  of  the  block  diagram,  along  with  the  most  important  reasons  for  those  choices.  There 
have  been  detailed  presentations  and  demonstrations  about  these  elements,  with  full 
justifications  for  the  selections.  If  you  wish  any  of  that  data,  please  refer  to  the  Bibliography 
and  the  end  of  this  data  package. 

Many  power  source  options  are  available,  because  of  high  peak  loads,  they  are  usually  sized 
by  the  system  peak  power  demands,  and  technologies  having  high  specific  power  rather  that 
high  specific  energy  are  desirable.  The  choice  between  batteries  and  rotating  machines  is 
usually  driven  by  operations  and  test  considerations. 

This  presentation  will  then  focus  on,  and  discuss  the  most  important  considerations  driving 
ELA/EMA  system  design,  system  inertias  and  how  they  drive  the  entire  configuration  and  its 
capability. 
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Actuator 


• Three  primary  system  choices 

o Ballscrew  technology  is  well-established 

o . Rollerscrew  technology  has  some  performance  advantages 

o Electro-hydrostatic  actuators  are  available  where  the  “softness"  of 
hydraulics  is  still  required 

• Motor  and  aear  train  inertia  is  the  most  important  mechanical 
parameter  for  TVC  applications 

o Normal  gear  reductions  isolate  the  load  inertia 

o Design  for  maximum  power  transfer  makes  desirable  for  the  two 
inertias  to  be  about  equal 

o These  inertias  are  the  primary  driver  for  peak  input  power 
requirements 

• They  size  the  power  processor/motor  controller 

• They  determine  the  energy  source  size  and  character 
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Even  though  the  required  motions  for  most  ELA’s  are  rotary  (engine  rotation  about  its  gimbal 
point,  control  surface  rotation  about  its  root,  etc.),  vehicle  physical  limitations  and  form  factors 
usually  require  that  the  load  be  moved  by  a linear  thrust.  The  actuator  provides  the  conversion 
from  rotary  motor  input  to  linear  output  thrust.  Rotary  power  requirements  can  typically  be 
between  25-  and  75-horsepower  for  our  applications. 

Three  primary  rotary-to-linear  thrust  mechanisms  under  current  use  and  consideration  are  listed 
above.  The  mechanical  “screw”  technologies  are  straight  forward. 

Electro-hydrostatic,  sealed,  self-contained,  single-actuator  hydraulic  systems  can  be 
mechanically  simple  and  solve  many  of  the  present  distributed  hydraulic  system  operability, 
leak,  and  contamination  problems.  Since  the  motors  and  controllers  that  drive  them  are  very 
much  the  same  whether  or  not  variable  speed  and  direction  control  are  included,  the  most 
efficient  overall  system  design  uses  a variable-  speed/direction  controller,  motor,  and  hydraulic 
pump,  and  eliminates  the  complexities  of  servo  valves,  force  amplifiers,  and  other  fluids 
hardware. 

It’s  easy  to  design  a small,  high-speed  motor/gear  train  system  to  drive  the  steady-state  load,  and 
the  resulting  large-ratio  gear  system  also  reduces  the  reflected  usual  load  inertias  so  that  they 
become  small  when  compared  to  other  inertias  in  the  system.  That  means  that  the  motor  and 
gear  train  inertias  dominate  the  power  requirements  for  inertia  acceleration  and  bandwidth,  and 
the  peak  power  input  and  peak-to-average  ratio  are  fully  under  the  TVC  system  designer’s 
control. 
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ELA/EMA  Control  with  Resonant  Power  Processors 


Motor  Type  Characteristics 

* 

Common  Name 

Stator  Power 

Rotor  Power 

AC  Syntheses 

• “Classical”  DC 

DC 

AC,  sq.  wave 

Sliding  contact, 
mechanical,  rotary  switch 
(commutator) 

• “Classical”  DC 
(permanent  magnet) 

Magnet 

AC,  sq.  wave 

Sliding  contact,  mech, 
mechanical,  rotary  switch 
(commutator) 

• “Brushless  DC” 
(permanent  magnet) 

AC 

Magnet 

External  electronic  switch 

AC  Induction 

AC 

Magnetically-coupled 
low-frequency,  AC 

AC  power  source  or 
external  electronic  switch 

• AC  Synchronous 

AC 

AC,  DC,  or 
permanent  magnet 

AC  power  source  or 
external  electronic  switch 

• Switched  Reluctance 

Sequenced  Pulses 

None  - rotor  is 
magnetic  iron 

External  electronic  switch 
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Motors  used  in  modem  systems  are  all  AC  types,  often  interfaced  to  DC  power  systems  with  power 
processors  to  provide  the  appropriate  input  waveforms.  The  make  up  a class  of  so-called  “brushless 
DC”  motors  which  can  include  any  type  of  AC  prime  mover.  Well-designed  motors  and  actuators  for 
these  applications  typically  require  25-  to  50-horsepower  for  the  constant  load,  and  an  equal  amount 
of  power  for  acceleration  of  inertias. 

The  “classical  DC”  motors  shown  above  are  commutator  types.  The  significance  of  this  configuration 
is  that  not  even  this  age-old  DC  motor  actually  has  DC  in  the  internal  fields  that  cause  it  to  rotate.  Its 
rotor  current  is  actually  square-wave  AC  created  by  a mechanical  reversing  switch.  That  reversing 
switch  has  a sliding  contact  system,  mounted  on  the  motor  output  shaft,  and  is  made  up  of  a 
“commutator”  and  brushes. 

The  development  of  good  power  semiconductor  switches  and  high-field  magnetic  materials  allowed  a 
design  which  eliminated  the  commutator  and  brushes.  It  placed  the  constant  field  (produced  by  a 
magnet)  on  the  rotor,  and  switched  the  alternating  AC  field  to  the  stator  with  external  switch 
networks,  and  we  had  the  so-called  “brushless  DC”  motor;  really  nothing  more  than  a permanent 
magnet  AC  motor  with  an  external  switched,  multi-phase  inverter.  When  we  supply  this  same  motor 
AC  from  the  power  system  instead  of  DC,  we  eliminate  the  switches  and  call  it  a permanent  magnet 
AC  motor,  a small  version  of  which  we  can  find  in  analog  electric  clocks. 

AC  induction  motors  also  eliminate  the  commutator  and  brushes,  and  supply  power  to  create  the 
magnetic  field  on  the  rotor  through  transformer  action.  The  transformer  frequency  is  the  difference 
between  the  rotating  magnetic  field  supplied  by  the  stator  and  the  actual  speed  on  the  rotor  (the 
“slip”). 

Switched  reluctance  motors  use  external  switches  to  create  a rotating  magnetic  field  from  the  stator  in 
the  same  way  as  the  original  “brushless  DC”  permanent  magnet  design.  However,  a notched,  soft  iron 
rotor  replaces  the  permanent  magnets,  and  it  follows  the  rotating  field  when  the  magnetic  forces  try  to 
minimize  the  reluctance  of  the  magnetic  path,  in  a way  similar  to  a stepping  motor. 
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Control  Parameter  Comparison 

Common  Name 

Torque 

Speed 

Remarks 

• "Classical"  DC 

No  independent  control  of  torque  and  speed 

Input  voltage  controls 
output  power 

• "Classical”  DC 

(permanent  magnet) 

No  independent  control  of  torque  and  speed 

Input  voltage  controls 
output  power 

• “Brushless  DC” 
Permanent  Magnet 

Input  voltage 

Frequency 

External  electronic  switch 
network  synthesizes 
variable-voltage, 
variable-frequency  inputs 
to  mimic  classical  DC 
performance 

• AC  Induction 

Slip  (rotor  freq), 
Input  voltage 

Stator  frequency 
& slip 

External  electronic  switch 
network  synthesizes 
variable-voltage, 
variable-frequency  inputs 
for  independent  torque/ 
speed  control 

• AC  Synchronous 

Input  voltage 

Input  frequency 

External  electronic  switch 
(same  as  AC  Induction) 

• Switched  Reluctance 

Input  voltage 

Field  rotation  speed 

External  electronic  switch 
(same  as  AC  Induction) 

JWM-5 


September,  1992 


If  we  want  to  control  both  torque  and  speed  independently,  The  classical  DC  motors  are  not 
really  adequate.  We  only  have  control  of  the  input  voltage,  and  we  get  a constant  power  output 
for  a constant  input.  The  product  of  torque  (load)  and  speed  is  a constant  for  constant  inputs.  If 
we  increase  the  load,  the  speed  decreases.  The  control  seems  simple.  If  we  have  a particular 
load,  we  just  turn  up  the  voltage  until  we  get  the  speed  we  want.  But  speed  or  torque  are  never 
uniquely  related  to  input. 

At  first,  brushless  DC  motors  had  power  processors  which  mimicked  the  classical  DC 
characteristics,  to  reinforce  the  name  “brushless  DC”.  But  if  we  have  large  motors  (tens  of 
horsepower),  “turning  up”  DC  sources  that  are  100’s  of  volts  and/or  100’s  of  amperes  is  very 
undesirable.  Therefore,  switching  regulator  functions  were  incorporated  into  the  control 
algorithms  for  the  stator  switches,  and  we  gained  the  ability  to  independently  control  torque  and 
speed  through  input  voltage  and  frequency,  respectively,  with  signal  level  inputs. 

The  power  transferred  to  the  induction  motor  rotor  via  transformer  action  is  controlled  by  both 
input  voltage  and  the  transformation  frequency  (the  slip  frequency).  For  a fixed  voltage,  the  slip 
changes  to  vary  the  output  power  and  match  the  load.  The  difference  in  rotational  speeds 
between  the  stator  field  and  the  rotor  is  often  about  3%  to  5%,  so  the  typical  slip  frequency  for  a 
400-Hz  motor  would  be  about  20-Hz. 

The  switched  reluctance  motor  is  not  unlike  a stepping  motor  with  regard  to  its  control. 
Windings  distributed  around  the  stator  are  alternately  sequenced  to  produce  a rotating  field, 
which  “pulls”  the  magnetic  iron  rotor  along,  trying  to  minimize  the  reluctance  of  the  motor  air 
gap.  Like  the  classical  brushless  DC,  the  input  voltage  controls  the  air  gap  flux  (field  strength) 
and  the  frequency  of  rotation  controls  the  speed. 
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Motor  Selection  Summary 

• Optimized  motors  from  all  the  candidate  classes  have  about  the 
same  mass  and  volume  for  the  same  requirements  (peak  outputs  are 
in  the  3-HP/lb.  range) 

• Basic  control  parameters  are  similar  for  all  the  candidate  classes 

(motors  are  multi-phase  and  we  must  have  independent  control  of  input 
voltage  and  frequency) 

• Feedback  for  torque  and  speed  control  is  simplified  for  Induction 
motors  (speed  feedback  vs.  accurate  rotor  position  for  other  types) 

• Modern  control  algorithms  give  Induction  motors  dynamic 
advantages  for  servo  systems  ( "field  oriented  control ' provides 
optimum  response) 

• Induction  or  swltched-reluctance  motors  significantly  simplify  the 
mechanical  designs  of  redundant  systems  (eliminate  the  requirement 
to  decouple  an  inactive/failed  motor) 


General  Dynamics  Is  focussing  on  Induction  motors  for  ELA/ 
EMA  development  and  Implementation 
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The  choice  of  “best”  motor  for  high-power  TVC  applications  cannot  be  made  using  the  usual 
trade  study  approach,  since  all  the  usual  trade  parameters  (mass,  volume,  cost,  etc.)  are  close 
enough  to  each  other  for  the  primary  candidates  to  make  them  non-discriminators.  Even  if  they 
were  significantly  different,  the  are  small  compared  to  the  rest  of  an  EMA  TVC  system,  and  do 
not  significantly  influence  system  technology  choice.  The  control  algorithms  and  the  design  of 
the  power  output  stage  are  also  about  the  same  for  all  three  types.  Even  the  somewhat  easier 
feedback  handling  for  the  induction  motor  is  still  not  enough  to  make  it  an  obvious  choice.  So 
other  considerations  lead  us  to  choices  for  specific  applications  or  power  ranges. 

The  “slip”  power  transfer  relationship  makes  the  induction  motor  significantly  more  robust  in 
terms  of  load  changes.  For  example,  when  our  optimized  Sunstrand  induction  motor  is  operating 
at  full  speed  and  its  most  efficient  operating  point,  it  has  about  2%  slip  (14,  700  RPM).  If  its  load 
were  doubled,  the  slip  would  increase  to  about  4%  to  transfer  additional  output  power  and  the 
speed  would  decrease  to  only  14,400  RPM.  A permanent  magnet  Brushless  DC  assembly  under 
the  same  conditions  would  decrease  its  speed  from  15,000  RPM  to  7,500  RPM  (half  speed),  and 
the  switched  reluctance  motor  would  stall;  until  the  controller  could  increase  the  input  to  match 
the  new  load. 

The  biggest  discriminator  has  to  do  with  redundant  systems,  where  multiple  motors  are  used  to 
drive  a load.  If  there  is  a short  circuit  failure  in  a motor  or  its  controller,  the  fixed  magnetic  field 
in  the  permanent  magnet  rotor  makes  that  motor  type  function  as  a generator,  supplying  power  to 
the  fault,  and  loading  the  system.  If  the  system  is  to  work  properly  after  one  such  failure,  the 
remaining  motor(s)  must  provide  enough  excess  power  to  both  drive  the  real  load  and  the  fault 
load,  or  the  faulted  unit  must  be  mechanically  decoupled.  This  added  complexity  is  sufficient  to 
disqualify  permanent  magnet  motors  (in  the  brushless  DC  design)  from  use  in  redundant  systems. 
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Controller  Operational  Definition 


The  controller/power  processor  must  provide  the  following 
primary  functions: 

• Synthesize  a multi-phase  AC  waveform  appropriate  to 
running  several  AC  motor  types 

(’There  is  no  such,  thing  as  a DC  Motor  ’) 

• Provide  variable  frequency  for  speed  control 

• Provide  Independent  variable  voltage/current  for  output 
torque  control 


In  TVC  applications,  it  must  also: 

• Provide  closed-loop  output  position  control  In  response  to 
guidance  steering  commands 
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The  power  processing  and  control  block  provides  all  the  above  functions.  The  power 
processirig/inversion  function  is  obvious  if  we  have  AC  motors  and  DC  power  sources. 
But  in  addition  to  that  interface  function,  we  must  also  control  speed  and  output  torque. 
We  have  already  discussed  the  desirability  of  independent  control  of  those  quantities. 

In  addition,  typical  TVC  control  loops  provide  provide  engine  position  control  for  the 
outermost  loop,  in  response  to  steering  signals  from  the  guidance  and  vehicle  control 
function.  Good  system  design  demands  that  we  add  the  additional  position  control 
functions  into  the  controller,  providing  a variable  rate/position  loop,  with  rate  proportional 
to  position  error. 

Because  of  high  output  powers,  high  efficiencies  and  low  losses  are  important  to  the 
problem  of  thermal  control  in  flight. 
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ELA/EMA  Control  with  Resonant  Power  Processors 

Power  Processor  / Controller  Selection  Summary 

• Resonant  power  processing  technology,  with  pulse-population 
control,  Is  the  only  choice  for  high  power  systems 

• Highest  efficiency  / lowest  losses  - 
Minimize  power  source  requirements 
Simplify  thermal  control 

• Natural  commutation  minimizes  power  semiconductor  stresses,  and 
maximizes  reliability  and  robustness 

• Controlled,  single-frequency  sine  wave  power  minimizes  EMI  and 
noise 

• Designs  are  available  for  both  AC  and  DC  power  sources  and 
distribution  systems 

• Resonant  power  processing  technology  Is  applicable  to  synthesize 
the  required  waveforms  for  all  candidate  motor  types 


General  Dynamics  is  focussing  on  resonant  power  processors/ 
motor  controllers  for  EHA/EMA  development  and  Implementation 


JWM-8 


Ssptsmbsr,  1992 


Resonant  power  processing  has  so  many  advantages,  that  it  would  be  hard  not  to  select  it  for 
high-power  applications.  The  only  “con”  is  the  fact  that  it  has  not  been  widely  used  in  our 
industry,  and  designers  are  not  as  familiar  with  the  technology.  For  low  power  applications  of 
motor  control  (in  die  limits  of  much  of  our  present  experience)  the  issue  does  not  have  much 
effect  on  overall  system  performance.  We  can  easily  remove  the  heat  from  a small  amount  of 
extra  power  lost  to  efficiency,  and  the  effect  on  energy  sources  can  also  be  small.  A little  bit 
of  added  high-frequency  noise  can  be  filtered,  also  with  little  overall  system  impact. 

But  these  “annoyances”  in  small  systems  become  major  problems  in  large  ones.  Going  from 
10%  losses  to  5%  losses  in  a 50-KW/50-HP  system  eliminates  2500-watts  that  the  batteries 
don’t  have  to  supply  and  the  thermal  control  system  doesn't  have  to  accommodate.  Clearly, 
these  considerations  are  no  longer  negligible  for  a launch  vehicle  or  aircraft. 

Since  the  two  primary  motor  controller  implementations  ( switched-mode  and  resonant  power 
processing)  both  synthesize  low-frequency  motor  currents,  they  may  be  selected  on  their  own 
merits,  and  not  impact  the  motor  interface.  Resonant  power  processing  is  the  obvious  choice, 
for  the  reasons  shown  above. 
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The  most  important  factor 
influencing  EMA  TVC  design 
is 

Motor  and  Actuator  Inertia 
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Design  Driver  Flow 


Energy 

Storage 

Size 
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This  flow  diagram  is  designed  to  show  the  interrelationships  between  the  various  elements  from 
which  EMA  TVC  requirements  are  derived;  and  the  constrained  end  product  of  an  EMA 
implementation. 

At  the  far  right  are  the  output  products  which  have  the  strongest  constraints.  They  are  discussed 
in  more  detail  on  Page  12.  However,  it  is  obvious  that  we  would  like  to  control  the  rest  of  the 
system  to  minimize  peak  power  requirements. 

On  the  vehicle  requirements  side,  payload,  environment,  physical  mass  and  volume,  and 
dynamic  response  are  the  base  sources  for  the  actuator  size  and  power  requirements.  But  it’s  the 
mass  acceleration  side  of  the  path  that  has  the  biggest  impact. 

For  most  actuator  designs,  the  large  effective  gear  reduction  involved  will  make  the  effect  of 
accelerating  the  engine  system  mass  small  when  compared  to  the  moments  of  inertia  in  the 
motor  rotor  and  the  actuator.  About  the  best  we  can  do  is  make  the  vehicle  total  load  and  the 
motor/actuator  inertia  effects  about  equal.  And  if  we  don’t  optimize  the  motor  and  actuator  from 
a moment  of  inertia  point-of-view,  we  can  easily  find  an  EMA  for  a 25-horsepower  vehicle 
requirement  requiring  a 100-horsepower  equivalent  power  input. 

Since  they  are  so  highly-leveraged,  it  is  fortunate  that  we  have  full  control  over  motor  and 
actuator  moments  of  inertia  and  matching.  But  also,  since  they  are  so  highly-leveraged,  they  are 
the  elements  with  which  we  must  take  the  most  care,  v/hen  we  design  them. 
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Primary  Design  Drivers 


» Acceleration  of  system  inertias  drives  peak  power  requirements 

• Step  function  response  and  bandwidth  size  transient  drive  torque 
capability 

• Input  power  is  proportional  to  drive  torque 

e Motor  and  gear  train  inertia  have  the  greatest  effect  on  peak  power 
requirements 

• Maximum  efficiency  for  power  transfer  dictates  equal  power 
allocations  for  the  load  and  the  inertia 

• Load  inertias  are  small  contributors,  when  reflected  to  the  input 
through  the  mechanical  advantage  of  the  gear  train 

• Maximum  efficiency  for  power  transfer  dictates  equal  inertias  for 
the  motor  and  gear  train 

• Non-optimum  designs  can  have  peak  powers  that  are  four  times 
the  steady-state  power 
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Physical  vehicle  component  parameters  and  vehicle  dynamics  are  the  base  sources 
for  the  TVC  system  requirements.  Thrust  loads,  gimbal  bearing  friction,  feed  system 
constraints,  etc.  determine  the  steady-state  loads  against  which  the  actuator  must 
push  or  pull.  When  we  add  the  inertia  of  the  movable  masses  in  the  engine  system, 
and  how  fast  we  must  accelerate  them,  we  can  size  the  actuator  and  its  performance. 
For  example,  on  NLS,  the  worst  case  generates  a requirement  for  a 32,000-lb  linear 
thrust  and  32-horsepower  if  the  rates  are  included.  Motor  and  actuator  steady-state 
mechanical  losses  are  comparatively  small  (probably  less  than  5%). 

But  if  we  consider  the  power  to  accelerate  the  actuator  masses  and  the  motor  rotor, 
we  find  that  its  difficult  to  get  them  down  to  32-horsepower.  And  if  we  were  to  use 
conventional  aerospace  PM  motor  designs,  it  would  not  be  unusual  to  get  the 
acceleration  power  requirement  to  100-horsepower  by  itself;  making  the  total  peak 
input  exceed  130-horsepower,  for  a 32-horsepower  system. 
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4IINIRA I.  DYNAMICS 
Spscm  Syittn*  Division 

ELA/EMA  Control  with  Resonant  Power  Processors 


Primary  Design  Limitation  Factors 


• Even  with  modern  power  processing  technology  and 
components,  systems  are  primarily  limited  by  r‘flyable"  power 
processing  capability 

• Component  limitations 

• Thermal  control  capability 

• Energy  storage  elements  for  these  applications  are  primarily 
sized  by  peak  power  demands 

• Battery  size  or  rotating  machinery  drive  components  both 
impact  vehicle  design 

• Motor  Input  power  capability  limits  frequency  response  and 
step  response 


JWM  - 12 


September,  1992 


Power  processing  capability  is  limited  by  the  capability  of  the  flight-capable  technology 
currently  available  in  our  industry.  Signal  processing  and  control  capability  is  more  than 
adequate.  But  if  we  look  toward  power  processing  components,  IGBT’s  are  the  most 
promising,  and  even  they  are  at  their  best  in  the  newer  resonant  circuit  topologies.  While 
larger  units  and  parallel  controllers  are  possible,  practical  equipment  design  considerations 
push  us  toward  trying  to  keep  system  peak  powers  below  100-horsepower. 

When  the  energy  storage  requirements  get  large  (to  provide  very  high  peak  powers),  the 
mass  and  volume  of  batteries  get  large  enough  to  impact  vehicle  design.  If  we  choose 
turbine-driven  alternators  for  greater  physical  efficiency,  the  fluid  systems  to  run  them  add 
complexity,  impact  propulsion  system  design,  and  compromise  operability. 

Finally,  since  input  power  capability  limits  torque  and  actuator  acceleration,  frequency 
response  and  step  response  are  also  limited.  While  our  vehicle  dynamics  analyses  have 
shown  that  an  NLS-type  vehicle  only  requires  a 2-Hz  system  response  (and  that  is  no 
problem),  higher  bandwidth  systems  will  allow  us  to  have  active  control  of  stiffness  and 
damping,  to  control  vehicle  high  frequency  effects. 

The  bottom  line  says  the  we  would  like  to  design  EMA  TVC  hardware  with  low  transient 
power  requirements. 


aiNIRAL  DYNAMICS 
Spscm  Syifm*  Division 

ELA/EMA  Control  with  Resonant  Power  Processors - 

Summary 


• Resonant  power  processors  / motor  controllers  are  the  best  choice 
for  hlgh-power  ELA/EMA’s  with  both  DC  and  AC  sources 

• Induction  motors  are  best  for  redundant,  high-power,  TVC 
assemblies 

• Power  capability  Is  the  limiting  factor  In  ELA/EMA  performance 

• Step  response 

• Frequency  response  and  bandwidth 

• Motor/actuator  Inertia  Is  the  single  most  important  (and  Often 
neglected)  mechanical  design  parameter  for  Integrated  high-power 
TVC  systems 
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Notes: 
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ELA/EMA  Control  with  Resonant  Power  Processors 


4BNBRAL  OYNAMICS 
S0SC0  Systsms  Division 
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Power  Switching 
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Electric  Actuation 
(ELA)  Options 


EMA/EHA  Design 
Methodology 
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EHA  Controller  Schematic 


Position  Channel 

Feedback  Speeds 


Brushless  DC  Motor/PWM  Control 

Selection 


Military  qualified  hardware  exists 

• J-STARS  15  hp  redundant  antenna  drive 

• Flown  in  "Desert  Storm" 


EHA  Redundancy  Management 
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Holding  Load  During  Slew 


Electric  Actuation  Drivers 
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Performance  ( Frequency  Response,  Load/Stroke,  Duty  Cycle) 
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Examine  EMA-TVC  Subsystem  Specifications 
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COMMAND  POSITION  (INCHES) 
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Minimum  Gimbal  Acceleration.  .: 120  deg/sec/sec 
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Simulation  Model  Developed  From  The  Equations  Of  Motion 
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Maximize  Load  Acceleration 

Minimize  Acceleration  Power  Requirement 
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TIME(SECONDS) 

STEP  CHANGE  IN  INPUT  COMMAND  AT  4%  INPUT  AMPLITUDE 
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Xsen,  sensed  position,  inches 
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Comparable  Dynamic  Response  Is  Predicted 
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Step  Response  Is  Fast  And  Well  Behaved 
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STAGE  1 TVC  ACTUATION  PERFORMANCE  REQUIREMENTS 
CANDIDATE  ENGINE  STARTUP  TRANSIENT  SOLUTIONS  EVALUATED 
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STAGE  1 ENGINE  START  TRANSIENT  MODELED  AND 
SIMULATED  BASED  ON  TEST  DATA 
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Actuator  Stiffness  Effects  Force  Applied 
To  Structure  And  Closed  Loop  Bandwidth 
(63,000  lb  Startup  Transient) 
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LOOCACTURTURTOR  STXFFMCSS)  Ib/ln 
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SATURATION  CURRENT  AND  STROKE  LIMITS  AVOIDED  DURING 
WORST  CASE  STARTUP  TRANSIENT 
(ACTUATOR  STIFFNESS  = 100,000  LB/IN) 

The  above  two  plots  demonstrate  that  the  engine  startup  transient  load  alleviation  is  accomplished  without 
exceeding  the  current  capabilities  of  the  motor  ( 81  amps ) and  the  actuator  stroke  ( ± 1 in  ). 
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Mike  Kiri 
Allied-Si 
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1992  IR&D  ELECTROHYDROSTATIC 

ACTUATOR  (EHA) 
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1992  IR&D  EHA  DESIGN 
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3-channels  provide  fail-op  - fail-safe  capability. 
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Allied-Signal  Aerospace  Company 
AiReseBrch  Los  Angeles  Division 
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IR&D  EHA  SYSTEM  SCHEMATIC 


EH  A ADVANTAGES 
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Allied-Signal  Aerospace  Company 

AiResearch  Los  Angeles  Division 


Chart  shows  the  advantage  of  the  EHA  wet  motor.  Without  coolant, 
the  motor  winding  temperature  would  be  considerably  higher. 
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IR&D  EH  A 

BUILT-IN  TEST  CAPABILITY 
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The  EHA  digital  controller  provides  extensive  health  monitoring 
capabilities.  Recent  advancements  incorporating  interchannel 
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Allied-Signal  Aerospace  Company 

AIResearch  Los  Angeles  Division  /^\||jed 


EHA  DEMONSTRATION  at  NASA  9/29/92 

Test  Configuration:  Speed  Limit  - 2.9  in/sec;  Current  Limit  - 15  amps/motor 
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Preliminary  test  results  at  Allied  Signal  with  20,000  lb.  load  mass 
and  2.3  in/sec  speed  limit.  Step  response  data  shows  zero 
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EHA  FREQUENCY  RESPONSE 

(±  0.1  in.;  NASA  Test  Load  9/27/92) 
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Allied-Signal  Aerospace  Company 
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Testing  has  just  begun  on  the  EHA.  Testing  to  the  full  limits  of  the 
actuator  capability  are  planned  for  this  year. 
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HONEYWELL  SPACE  SYSTEMS  GROUP 
CLEARWATER,  FLORIDA 


EMA  SYSTEM  OVERVIEW 
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Space  Systems  Group  EMA  Overview 


Space  Systems  Group 


BENEFITS  OF  INTEGRATED  CONTROLLER 
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Honeywell 


Dual  Redundant  270  Volt  100  Amp  Per  Channel  Controller 
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Space  Systems  Group  Z.  Zubkow  - Marshall  Space  Flight  Center 

September  29,  1 992 
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Space  Systems  Group  Z.  Zubkow  • Marshall  Space  Flight  Center 


Integrated  EMA  and  Controller  In  Testbed 
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Space  Systems  Group 


EM  A system  DIAGRAM  Honeywell 
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Space  Systems  Group  EMAWG1041 

2/3/92 
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EMA  CONTROLLER  SIZE/ WEIGHT/ POWER  REDUCTION 
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Motor  Drive  f Drive  \ Motor 

Elex  y-  | Elex  J ^ Drive 

. Assy  V Hybrids  ) AssY 


EM  A HEALTH  MONITORING 
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Space  Systems  Group  EMAZZ1055 
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1553  RECEIVE/TRANSMIT  FUNCTIONS 


UPDATE  HALL  COUNT 


RECEIVE  DATA  FORMAT  DESIGNER: 

RICHARD  HERRERA 
5/7/91 
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DONT  UPDATE 


TRANSMIT  DATA  FORMAT 
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A/D  CONVERTER  DIGITAL  OUTPUT  CODING 


ANALOG  LOOP  BOARD 
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Space  Systems  Group  EMA  Overview 


Space  Systems  Group  EMA  Overview 

9/28/92 


MOTOR  CONTROLLER  BASELINE 
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ACTIVE  LOW  SHUTDOWN  SIGNAL  WILL  PREVENT  SPURIOUS  TORQUE  APPLICATION  AT  POWER-UP 
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Time  (Minutes) 


SESSION  V 


DEMONSTRATION 


SESSION  VI 


ELA  POWER  SOURCE  SYSTEMS 
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ELECTRICAL  POWER 


GEORGE  C.  MARSHALL  SPACE  FLIGHT  CENTER 


ELECTRICAL  POWER  BRANCH 


GEORGE  C.  MARSHALL  SPACE  FLIGHT  CENTER 
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ELECTRICAL  POWER  BRANCH 


Aerospace  Battery  Review  Board  Meeting 


MSFC  Flight  Program  Histoiy 

Remarks 

Explorer  1 — First  free-world  satellite,  solar 
array,  and  Ni-Cd  battery  power  system 

Three  satellites  with  multi-battei^  SA/Ni-Cd 
system  for  large  micro-meteroid  satellite 

First  manned  space  station;  two  SA/Ni-Cd 
power  systems  (ATM  & OWS)  with  total 
capability  of  >8  kW;  operated  In  parallel;  EPS 
reactivated  after  more  than  4 years  in 
"orbital  storage" 

Three  satellites  with  multi-battery  SA/Ni-Cd 
power  system  built  by  TRW  for  MSFC;  no 
battery  failures 

Battery 

Manuf. 

MSFC 

MDAC-E 

TRW 

TRW 

TRW 

Cell 

Manuf. 

Sonotone 

Sonotone 

Sonotone 

Gulton  7 
Gulton  ? 
Gulton  ? 

GE 

EPI-J 

SAFT-Amer. 

SAFT-Amer, 

SAFT-Amer. 

Capacity 

- 

20  Ah 
33  All 

- & 
« p 

a 

Ni-Cd 

Ni-Cd 

Ni-Cd 

Ni-Cd 

Ni-Cd 

Ni-Cd 

Ni-Cd 

Nl-Cd 

Nl-Cd 

Ni-Cd 

Ni-Cd 

Regime 

LEO 

LEO 

LEO 

LEO 

LEO 

LEO 

LEO 

LEO 

LEO 

LEO 

LEO 

Time  of 
Operation 

4 mos. 

3 mos. 

4 mos. 

3+  yrs. 
3+  yrs. 
3+  yrs. 

6 yrs.  hid. 
4 yrs. 
storage 

... 
V)  (A  W 

© © o 
SEE 

o\  o r- 
*+  m 

Launch 

Date 

2/58 

3/58 

7/58 

2/65 

5/65 

7/65 

r*i  rr) 
r-  r- 
w 
Vi  V) 

8/77 

11/78 

9/79 

Program 

Name 

Explorer 

1 

3 

4 

Pegasus 

1 

2 

3 

Skylab 

ATM 

OWS 

11EAO 

1 

2 

3 
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MSFC  Battery  Activity 


Aerospace  Battery  Review  Board  Meeting 


MSFC  Battery  Activity 


Aerospace  Battery  Review  Board  Meeting 
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Test  has  been  terminated  4 — Cell  divergence  at  >10,000  orbits;  capacity  as  low  as  20  Ah 

First  cell  failure  at  14  months  5 — Built  with  reject  positive  plates;  met  system  reqL  of  36  Ah /battery  thru  4y 

First  cell  failure  at  14  months;  DPA  showed  excessive  cadmium  migration  had  cell  short  in  B3  at  18,300  orbits 

Cell  divergence  at  > 14,000  orbits;  >100  mV  at  19,000  orbits;  capacity  as  6 - Cells  from  flight  battery  lots;  continues  to  meet  system  reqL  after  5Yt  yrs. 
low  as  30  Ah 


Aerospace  Battery  Review  Board  Meeting 


MSFC  Battery  Activity 
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BATTERY  THERMAL  CHAMBER,  BUILDING  4475 
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ELECTRICAL  POWER  BRANCH 
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ORIGINAL  PAGE 
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LARGE  FLYWHEEL  CONTAINMENT  VAULT,  BUILDING  4487 
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SMALL  FLYWHEEL  CONTAINMENT  VAULT,  BUILDING  4487 


GEORGE  C.  MARSHALL  SPACE  FLIGHT  CENTER 
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JOHNSON  CONTROLS  BATTERY  GROUP  INC. 


BIPOLAR  LEAD/ ACID  BATTERY 


NASA  ELECTRICAL  ACTUATION 
TECHNOLOGY  BRIDGING 
WORKSHOP 


AT 

MARSHALL  SPACE  AND  FLIGHT  CENTER 
HUNTSVILLE,  ALABAMA 

SEPTEMBER  30,  1992 


PRESENTED  BY 

WILLIAM  O.  GENTRY 
DOUGLAS  C.  PIERCE 


Johnson  Controls,  Inc. 


Johnson 

Controls, 

Inc. 


$4.6  Billion  I 
Revenue  I 

Profitably  Growing 
In  Four  Major 
Groups 


Components 


Controls 
$1.8  Billion 


Facility  Management 
Temperature  Control 


Automotive 
$1.2  Billion 


Seating  Systems 
In  North  America  6 Europe 


Plastics 
$800  Million 


Beverage  Containers 
Molding  Systems  $ Tooling 
Plastics  For  Automotive 


Batteries 
U $700  Million 


Advanced 

Battery 

Engineering 


SLI 

Automotive 


Specialty 

Battery 

Division 


• Vertical 
Integration 

• Quality 

Control 

• Cost  Control 


• Other 
Chemistry 
6 Systems 


• Largest  N.A. 

Supplier 
• Chrysler 
- Ford  Motor 


- Nickel  Hydro*** 

• Zinc  Bromln* 

- Bi~Polar  L**d  Acid 


• World  Class 
Modeling,  Testing 
6 Analytical  , 
Service 


- Interstate  Battery 

• Sears  DieHard 

• Watmart 

Leader  In 
Technology  6 
Research 

13  N.A.  Plants 


• Large  Scale 

Wisconsin 

Plant 

• Supplier  Of 
Sealed  & 

Wet  Special- 
ty Batteries 

• North  America 

- Europo 

- Export 


MONOPOLAR  AND  BIPOLAR  CURRENT  PATH  SCHEMATICS 


MONOPOLAR  CONFIGURATION 


TWO  CELL  / 4- VOLT  SYSTEM 


CELL  1 CELL  2 


BIPOLAR  CONFIGURATION 


TWO  CELL  / 4-VOLT  SYSTEM 


•* 


h 


CELL  1 


CELL  2 
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BIPOLAR/MONOPOLAR  COMPARISON 
DISCHARGE  RATE  1 AMP/CM2 


344 


(S110A)  30V110A 1130 


TIME  (SECONDS) 


JCBGI 

BIPOLAR  LEAD/ACID  ADVANTAGES 


PROVEN  LEAD- ACID  CHEMISTRY 
SEALED,  MAINTENANCE  FREE  OPERATION 

SHORTER  CURRENT  PATH 

- LOWER  INTERNAL  BATTERY  RESISTANCE 

REDUCED  WEIGHT  AND  VOLUME 

SUBSTANTIAL  POWER  ADVANTAGES  OVER  MONOPOLAR 

- * 100%  INCREASE  IN  POWER  DENSITY  FOR  QUASI 

- « 140%  INCREASE  IN  POWER  DENSITY  FOR  TRUE 

- «75%  INCREASE  IN  SPECIFIC  POWER  FOR  QUASI 

- «150%  INCREASE  IN  SPECIFIC  POWER  FOR  TRUE 

MEANS  OF  VARYING  STACK  VOLTAGE  WITHOUT  RE-TOOLING 
PACKAGING  FLEXIBILITY 


J 

CONTRI 


HNSON 
LS  — 


BIPOLAR  BATTERY  COMPARISON 


FOLDED  BIPOLAR  PLATE 


FRAME 

PLASTIC 


EXPANDED  LEAD 
GRID  MATERIAL 


SUBSTRATE 

MATERIAL 


GRID /SUBSTRATE 
INTERFACE  SEAL 


TRUE  BIPOLAR  PLATE 


FRAME  PLASTIC 


POSITIVE  / NEGATIVE 
SUBSTRATE  INTERFACE 


NEGATIVE  SUBSTRATE 
MATERIAL 


POSITIVE  SUBSTRATE 
MATERIAL 
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TRUE/QUASI  BIPOLAR  COMMON  POINTS 


LEAD-ACID  TECHNOLOGY 
FRAME  DESIGN 

ASSEMBLY  TECHNIQUES 

- IR  WELDING 

- VIBRATION  WELDING 

ACTIVE  MATERIAL 
SEPARATOR 

FORMATION  AND  ACID  FILL  TECHNIQUES 
TERMINATION  DESIGN 
INITIAL  CONTAINMENT  DESIGN 


JgHN$ 

CONTROLS 


TRUE/QUASI  BIPOLAR  DIFFERENCES 


INSERT  MATERIAL 

- QUASI-  FOLDED  LEAD  GRID  ELECTRODE 

- TRUE-  COMPOSITE  TRUE  BIPOLAR  SUBSTRATE 

MANUFACTURABILITY 
FAILURE  MODES 

- QUASI-  GRID  CORROSION,  FOLD  SEAL  LEAK 

- TRUE- ACTIVE  MATERIAL  DEGRADATION 

CELL  SPACING  AND  CELL  SIZE  WILL  BE  SMALLER  IN  TRUE  BIPOLAR 
HIGHER  PERFORMANCE  CHARACTERISTICS  IN  TRUE  BIPOLAR 


SMALLER  MASS,  SMALLER  VOLUME 


JCBGI  QUASI  BIPOLAR  STATUS 


- CURRENTLY  HAVE  TWO  DIFFERENT  SIZE  PLATES:  520,940  cm2 

- DEMONSTRATED  30  SEC  AVERAGE  POWER  OF  210  W/kg  at  80%  DOD 

- DEMONSTRATED  HIGH  SPECIFIC  POWER:  1.5  kW/kg  FOR  12  SECONDS 

- DEMONSTRATED  OVER  100  CYCLES  AT  TWO  INDEPENDENT  LOCATIONS 

- BUILT  NINE  430  VOLT  BATTERY  STRINGS 

- INCREASED  PRODUCTION  FROM  FIFTY  12  VOLT  BATTERIES  PER  YEAR 
TO  THIRTY  40  VOLT  BATTERIES  PER  WEEK 

- INCREASED  FORMATION  SUCCESS  RATE  FROM  10%  TO  80% 

- CONTAMINATION  DURING  PROCESSING  HAS  CAUSED  CYCLE  LIFE 
PROBLEMS 


J, 

CONTRI 


HNSON 
LS  _ 
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POROSITY  IN  PLASTIC  COMPOSITES 


- HIGH  FILLER  LOADINGS  LEAD  TO  POROSITY 

- DIFFICULT  TO  PREVENT 

- PROCESS/PRODUCT  INVESTIGATIONS 

- RESIN  IMPREGNATION  OF  POROUS  COMPOSITES 

- COMPRESSION  MOLDING  IMPROVEMENTS 

- LOWER  FILLER  LOADINGS  THROUGH  BETTER  DISPERSION 

- HIGHER  CONDUCTIVITY  FILLERS 


J0HNSON 

CONTROLS 
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10  15  20  25 


JCBGI  QUASI  BIPOLAR  FUTURE  WORK 


- ELIMINATE  MATERIAL  PROBLEMS  THAT  HAVE  CAUSED  CYCLE  LIFE 
PROBLEMS  THROUGH  HIGH  LEVELS  OF  CONTAMINATION 


- DEMONSTRATE  100  CYCLE  CAPABILITY  ON  20  CELL  BATTERY  AND  A 
200  CELL  STRING 


- OVERCOME  CELL  INCONSISTENCIES  WHICH  LIMIT  BATTERY 
PERFORMANCE 


- DEVELOP  A RECHARGE  REGIME  THAT  WILL  ENSURE  UNIFORM 
CHARGING  OF  HIGH  VOLTAGE  STRINGS 

- LARGER  DATA  BASE  IS  NEEDED 


- REFINE  ACID  MANAGEMENT  SYSTEM  TO  PERMIT  A TOTALLY  CLOSED 
SYSTEM 


- IMPLEMENT  RECENT  DESIGN  MODIFICATIONS 


TRUE  BIPOLAR  ADVANTAGES 


- LOWER  INTERNAL  RESISTANCE  THAN  QUASI  BIPOLAR 

- SHORTER,  MORE  UNIFORM  CURRENT  PATH 

- LARGER  ACTIVE  AREA 


- SUBSTANTIAL  VOLUME  AND  WEIGHT  SAVINGS 


- HIGHER  POWER  APPLICATIONS  QUASI 

- LOWER  LEAD  CONTENT:  LOWER  MASS 

- IMPROVED  MANUFACTURABILITY 


• ELIMINATES  PRESENT  FAILURE  MECHANISMS 

- LEAD  GRID  CORROSION  ON  CHARGING 

- FOLD  SEAL  LEAKS 

- CONTAMINATION 


CONTROLS 


JOHNSON  CONTROLS  BIPOLAR  RAGONE  PLOT 
QUASI-TEST  DATA  TRUE-LABMM 


SPECIFIC  POWER  (kW/kg) 


TRUE  BIPOLAR  DEVELOPMENT 


- POSITIVE  SUBSTRATE  COMPONENT  DEVELOPMENT 

- ELECTROCHEMICAL  STABILITY  AT  POSITIVE  POTENTIALS 

- HIGH  CONDUCTIVITY 

- NON-POROUS 

- MANUFACTURABLE 

- HUNDREDS  OF  MATERIALS  HAVE  BEEN  SCREENED:  FEW 
QUALIFIED 

- POSITIVE  SUBSTRATE  COMPONENTS  HAS  BEEN  IDENTIFIED 

- IMPROVE  CONDUCTIVITY  OF  MATERIAL 

- OPTIMIZE  COMPOUNDING  PROCEDURES 


JQHNSON 
CONTROLS 


BIPOLAR  LEAD-ACID  PERFORMANCE  COMPARISON 


U313INVfeJVd  30NVIAId0dU3d 


CM 

-§ 

05 
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Specific  Energy  Specific  Power  Cycle  Life 
(Wh/kg)  (W/kg)  80%  DOD 

80%  DOD 


TRUE  BIPOLAR  DEVELOPMENT 


- NEGATIVE  SUBSTRATE  MATERIAL  ALREADY  IDENTIFIED 

- STABLE  AT  NEGATIVE  POTENTIALS 

- HIGHLY  CONDUCTIVE 

- NON-POROUS 

- EASY  TO  MANUFACTURE 

- NOT  STABLE  AT  POSITIVE  POTENTIALS 

- NO  MATERIAL  HAS  BEEN  IDENTIFIED  THAT  IS  STABLE  AT  BOTH 
ELECTRODES 

- INTERFACE  BETWEEN  POSITIVE  AND  NEGATIVE 

- PROTECT  NEGATIVE  FROM  POSITIVE  POTENTIAL  AND  POSITIVE 
FROM  NEGATIVE  POTENTIAL 

- MAINTAIN  CONDUCTIVITY  WITH  EACH  SIDE 


JQHNSON 

CONTROLS 


JCBGI  TRUE  BIPOLAR  DEVELOPMENT 
FOR  WPAFB 


- A 270  VOLT  BATTERY  SYSTEM  IS  TARGETED  FOR  THE  MORE  ELECTRIC 
AIRCRAFT 


- DEVELOP  A LEAD-ACID  TRUE  BIPOLAR  SUBSTRATE  WITH  THE 
FOLLOWING  GOALS 


- 0.025"  TOTAL  SUBSTRATE  THICKNESS 


- < 2 ohm-cm  RESISTIVITY 


- 400  cm2  ACTIVE  AREA 

- <150  mg/cm2  AREA  DENSITY 


- DELIVER  TWO  INTERIM  TRUE  BIPOLAR  BATTERIES.  A 54  VOLT 
BATTERY  IS  SCHEDULED  FOR  DELIVERY  IN  AUGUST  1994. 


BMET  PERFORMANCE  REQUIREMENTS 
BIPOLAR  BATTERY  SPECIFICATIONS 
Near  Term  Projections  (within  5 years) 
330  Volt  Battery  Systems 
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WPAFB  TRUE  BIPOLAR  PROGRESS 


PERFORMANCE  MODELING 
CONDUCTIVE  FILLER  DEVELOPMENT 
POROSITY  CONTINUES  TO  BE  A PROBLEM 
ORDERED  AN  ENHANCED  COMPRESSION  MOLD 

RECEIVED  CONDUCTIVE  FILLER  IN  PROTOTYPE  SIZED  BATCHES 

- ALLOWS  FOR  LARGER  COMPOUNDING  TRIALS 

- CAN  BE  USED  IN  NEW  COMPRESSION  MOLD 

INTERFACE  MATERIAL  HAS  BEEN  IDENTIFIED 


WPAFB  NEXT  STEPS 


STATISTICALLY  DESIGNED  COMPOUNDING  TRIALS  TO  OPTIMIZE 
LOADING  LEVEL 


REFINE  COMPOUNDING  PROCEDURES 


TEST  DIFFERENT  PLASTIC  RESINS 


USE  MATERIAL  FROM  COMPOUNDING  TRIALS  IN  COMPRESSION  MOLD 


STABILITY  TEST  TO  QUALIFY  NEW  FORMULATIONS 


TIO 


Advanced  Battery  Characteristics 
for  ELA  Applications 


Johnson  Controls  Bipolar  Lead/ Acid  Battery 


QUASI  BIPOLAR 

TRUE  BIPOLAR 

Output  Voltage 

1.0-2.15  V/cell 

1.0-2.15  V/cell 

Nominal  Voltage 

2 V/cell 

2 V/cell 

Plateau  Voltage 

1. 2-2.1  V/cell 

1. 2-2.1  V/cell 

Voltage  Rise  Time  (delay) 

NA 

NA 

Average  Current 

as  needed 

as  needed 

Maximum  Pulse  Current 

1000  amps;  15  sec 

1500  amps;  20  sec 

Rated  Discharge  Current 

Oto  1000  amps 

0 to  1500  amps 

Current  Density 

max  1.2  A/cm2 

max  1.5  A/cm2 

Specific  Energy  (Wh/kg) 

38 

44 

Inverse  Power  Density  (L/kW) 

0.253 

0.088 

Maximum  Pulse  Power 

1.2  kW/cell;  15  sec 

1.8  kW/cell;  20  sec 

Transient  Response  Time 

NA 

Specific  Power  (kW/kg) 

1.5  to  2.0 

3.0  to  3.5 

Total  Energy  Storage  Capacity 

90  Wh/cell 

120  Wh/cell 

Cycle  Life 

100+ 

300+ 

Open  Circuit  Voltage 

2.15  V/cell 

2.15  v/cell 

Safety  Issues 

Lead;Acld 

Lead;Acld 

Thermal  Operating  Range  (C) 

-30  to  +65 

-30  to  +65 

Charging  Time;  Retention 

3 hours ; weeks 

2 hours;  weeks 

Capacity 

15  Ah;  940cm2 

20  Ah;  1000cm2 

Mass 

0.85  kg/cell 

0.60  kg/cell 

Stage  of  Development 

6 

3 

JQHNSON 
CONTROLS  ”"'r 


ELECTROMECHANICAL  ACTUATION 
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Proven  Safety 


367 


|se  1 Ldad|  - | C [Rape 


SECONDARY  SILVER  ZINC 
DESIGN  FOR  MINIMUM  WEIGHT 
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250  VDC,  22.8  AMPS 


RESERVE  PRIMARY  SILVER  ZINC 


o 

Q 

> 


N 

H 

< 

P 

IT) 

>* 

P 

P* 

On 

P 

CZ5 


X 

<J3 


U 

Q 

> 

§ 

H 

◄ 

s 

r-~ 

«/> 

P 

CL, 

CL, 

P 

CZ3 


a 

<J! 

vj 

e\ 

t/5 

P 

P 

w 

u 

QO 

V) 


pp 

fO 

E 

p 

uv 

90 

QO 

QO 

• 

| 

1 

H 

w 

a 

S 

o 

p 

p 

3 

£ 

o 

w 

NH 

p 

Q 

W 

H 

<13 

g 

H 

O 

< 

P 

H 

P 

Z 


>r> 

W 

H 

<3 

§ 

Z 

O 

PC 

CL, 

CL, 

<t! 


a 

H 


W 

P 

-<  V5 
P<*3 
5 W 

>3 

«s 

$1 

°3 

To 

cu  £: 

p£ 

w 9 

Ij£j  Z 

Z,  H 
Q ffl 

go 

s 

H ^ 

So 

< n 


373 


BIPOLAR  SECONDARY  SILVER  ZINC 
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INCREASE  MAXIMUM  VOLTAGE  LIMIT 
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Lithium  Batteries  Aqueous  Systems 
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Energy  Density  and  Operating  Voltage  of  Lithium  Batteries 
and  Most  Common  Commerical  Batteries 
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Electrolyte  Development  - Balanced  and  Acitic 
Mechancial  Designs  to  withstand  up  to  30,000  G’s 
Batteries  from  3 65  Volts  to  120  Volts 
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Lithium  0.5  - 2%  per  year 
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High  Rate  Primary  Lithium  Battery 

Achievements  Under  WRDC  Sponsorship 
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V*ardney 
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h Rate  Pulse  Discharge  of  25kW  80  Cell  Module 
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EFFECT  OF  PLATINIZED  CARBON  ON  VOLTAGE 
CONTINUOUS  DISCHARGE  AT  25  mA/cm2 
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COMPARISON  Pt'd  AND  STD  CARBONS  ON  EOPV 

80%  SAB/ 20%BP 


388 


(A)30V110A  3Sind  JO  QN3 


TACK  VOLT.  Ill  CONST.  POWER  PUl 

10  CELL  STACK, POWER  714  WANS 


\ 

E 


\ 


lo  . . *r:  c\  — C 

CN  CN  CN  CN  C\  CN 


(A)29Vl“!OA  >:DV1S 


389 


^ardney 


10 


oo 

cvi 


in 

cvi 


0) 

c 

TJ 

l 


CO 

c 

a) 

Q 

-*— > 

c 

0) 

v— 

D 

o 

co 

> 

CO 

0 

g>  o 
S o 

o co 

o 0 

§ => 

§ i 

■0  1“ 
0 c 
O 

T3 

0 

N 

'c 

^5 

CL 


O 

0 

M— 

Hi 


o 

o 

O 


o 

10 

CM 


s s 

o,  " 
0)1 
(0! 


1-  CVI 


01 
> ' 
0)! 
w ! 
si 

CL! 

H-  ! 

Ol 

■oi 

c: 

W| 

«i 

lO! 

%i 

<ui 

w 

3 

CL 


O 

to 


o 

o 


to 


o 

to 


to 


r >.  E 

S .ts  o 

2 » > 

5 i g 

o o 7. 


i 

CD 

CO 

CO 

O) 

i q 

CM 

CO 

CO 

! 

i 

cvi 

cvi 

cvi 

O i 

CO 

CM 

oo 

1 cvi 

i 

i 

cvi 

cvi 

cvi 

LO 

T“ 

LO 

O) 

O) 

cvi 

cvi 

cvi 

cvi 

i o 

OO 

CO 

oo 

i r*. 

h- 

o 

o 

1 oi 

i 

cvi 

CO 

CO 

1 to  . 

CM 

in 

in 

oo 

O) 

T— 

r— 

! cvi 

cvi 

CO 

CO 

h- 

in 

CO 

° 

O 

CM 

CM 

CO 

CO 

CO 

CO 

i Is- 

CO 

CO 

CM 

! i CM 

CM 

CO 

CO 

1 CO 

i 

CO 

CO 

CO 

c : 

CL 

.2 

d) 

*CD 

-O 

CO 

“D 

O 

co 

in 

O 

£ 

oo 

CL 

E 

o 

“D 

c 

S 

? 

0. 

o 

o 

c/5 

CD 

i-  0- 

vO 

LO 
00 

$ 

CD 
< 
CO 


"D 

(D 

N 

*C 

■4^ 

i5 

Q. 

CO 

c 

O 

-Q 

CO 

o 

£ 

O 

CD 


m 

c 

■g 


0) 

o 


>*co 


u — >■ 

£ g.  O 

tO  03  r 

o o < 


CD 


00!  CO!  CO 
0):  ID!  ** 
CM  *■:  CO 

odd 


CD 

O: 


co  o -c* 

O 2.  < 

^ CO 

O 


CM 

CM 

CM 

ID 

CD  i 

CM: 

CO 

3 “ 
o 

3 


© .£ 

in 

0 

Oi 

E*  E 

^r 

Oi 

o>i  m 

in: 

« 2 

d 

: T- 

O)!  *? 

r^i 

0 E 
« i=: 

a 

■ 1 

>> 

fc— 

CO 

E 

E 
3 
to 
' +* 

C/5 

O 


^ <0 
. 0)1  O 

.Qi  O 

u-  05 


CD 

CO 


c 


£ 
© f 

0)  C 
05  u 
CO  ^ 

3 E 

> §: 

CM 


05  CO  CD:  CO 
0)  0):  CMi  CD 

^ t-  CM  I CM 


c 


0) 

•o 

'5  a> 

J2  SLi 


£ jj. 

O LU 
-C 


2 2 

o . o 

1 1 

CD  LO 


2!I2! 

oi’oi 

(01  (0i 

Ol  CD1 

□ : □ 

2!  2 

CD;  CD 


0) 

52^ 

N 

> 

co  “ 

<J5 

03 

X 

S &; 

Q. 

t 

CD 

1 

w |5: 

3 

LL 

CO  : CO  t rt  ' CO 
CD  : <D1  CD ! ID : 


a 

2 

< : 

o ; 

a : 

a. 

-j 

o 

GC 


IE 


U)  E ® 
> c 

< ~ 


CD!  CM!  CO 
P^i  CO!  CO: 


CM 

c 

O ; 

<75 : 

O 

Q.: 

E: 

O 

O 


"O 

c 

(0 


£: 


c: 

jO!  jj 


o> 

CD 
CM  1 


2t f 

01 

CO  l 

gi 

□ 

2 

CD 


0>! 


CM 


2 "S;  >ei  a*1  0 

<3 ; is;  2:  »> «s 

* S §j  s 

m:  <:  CO 


(/) 

If 

0) 

c 

o 

Q_ 

E 

o 

CJ 

<D 

“O 

0 

1 

0) 


o 

vp 

0s" 

8 

CO 

CO 

5 

to 

to 

<D 

c 

Jjd 

CJ 


c0 

c 


o 

2 

co 

CL 

0> 

V) 

^d 

X> 

o 

-C 

tT 

u 

X> 

O) 

c 

la 

E 

o 

CJ 

0) 


o 

to 

T3 

0) 

CO 

3^ 

T3 

CO 

to 

CO 

$ 

to 

to 

CD 

c 

O 

-C 

oS 

0 


u 

>S 

u 

3 

■a 

o 

_co 

to 

£ 

CD 

S c 
T3  S 

Q o 


8 


E 

o 


_ a> 
c ® 

co  % 
to  £ 

it 

ts 

O 

8 
to 

mL 

*t0 


“O 

c 

CO 

o 

in 

CM 


U 

O 

CD 

8 

in 

> 

CM 

§ 

O 

u 

to 

to 

CD 

o' 

O 

(D 

C 

"O' 

0) 

N 

E 

, X 

J2 

a. 


I 8s  1 

i § 8 

■■5  « g 
o 2 ^ 
T w £ 

c S$ 

<D  O 


(0 


to 

c 

Q) 

X? 

C 

a> 

3 

o 

*0 

CO 

o 

CO 
. to 

CO  <D 
0)  •— 
to  3 
to  cr 

8 2> 
« 5 
s °- 
f 3 

CO  o 

1 | 

T3  O 
CD  Q. 

f I 

8 5? 


8 in  5 
^ u 
o 

a)  in"  ^ 

£ CM  £ 


to  ^ 
-2  8 


w O 

I 8 
£ ~ 
^ S 
5 13 

C 

£ S 

in  3 
a 

CM 


0) 

O) 

m 

-C 

■a 

to 

3 

o 

3 

C 


*-  3 

CO  ““ 


■I  S 


a> 

-m 

CL 

•a 

c 

CD 

I 

to 

CD 

T> 

O 

C 

to  co 
CD  C 
C — 
C O) 
CO  3 

€ 

^ -C 

o cn 
— 3 
XJ  o 
CD 


^ a> 

C jo 
O 3 
O CL 


c 

o 

x> 

CD 

to 

c0 

Q) 

CO 

to 

QJ 

to 

C 

a> 

XJ 


1- 

O f 
u o 

E 8 

^ 0) 

> CD 
CD 

X3  CO 

o o> 

£ = 
co  a> 
O O 


[2  — CM*  co ■ * in 


*-  CM  CO 


in 


cd 


391 


o 

(0 

CD 

o 

CM 


G) 

c 

<D  C 

o)  o 

(0 

Si 

w o 
<d  o 

3 Q> 

S ffd. 

a)  2 co 

E 

CD  ID 

O J- 
—I  Q- 


CO 

0) 

T3 

O 

XT 

“5 

o 

-o 

CD 

N 


cm 

o 

05 

CO 


o 

CO 

™ ° 
C oi 

O 

Q.  _ 
3^-0 

co  -*> 

£ O □- 

o CD 


(0 

CD 

> 


T5 
CO  -o 

^ < 


(0 

CD 

JO 

D 

Q. 

CD 

O) 

CO 

-C 

o 

T3 

C 

o 

o 

CD 

CO 


$ 

E. 

0) 

-Q 

O 

Q. 

O 


C 

o 

03 

n 
> 

T3 
C 
CO 

J) c 

8-2 

x: 

CO 


T3 

CD 

C 


CD 

O 

5 

o 

0) 

CD 


£ 3 

ZI 

E 2 

*—  CD 

* a 

CD  E 

CD 


OTiS  ~ 

CO  G $ 
0)  ^ > 
Q £ -j 


CD 

a> 

c 

2 

T3 

CO 

O 


CO 

CD 

-C 

a> 

> 

o 

«—» 

o 

c 


§ 

fc* 

a> 

ts 

<C 

CD 


LU 

a 

LU 

CD 

3 

O 

> 


hi  o 

a ? 


CD 

cc 

< 

X 

o 

LU 

cc 


o 

z 

< 

X 


Lit 

LL 

< 

05 


392 


i 

5 

5 

Z 

z 


cr 

CL 


BATTERY  CHECK 
PRIOR  TO  LAUNCH:  • OCV 

• Leaks/corrosion 

• Pre- discharge  conditioning 

• Verify  rate  by  pulse  load  testing 


YARDNEY  TECHNICAL  PRODUCTS 
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250  mA/cm2  (maximum  current  density) 


HIGH  RATE  SOCI2  CELL 


HIGH  RATE  SOCI2  CELL 

DISCHARGED  AT  260mA/cma 


HIGH  RATE  SOCL  CELL 


Figure  5A:  Tefzel/nickel  sandwich  prior  to  compression  molding 
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Module  Height  - 7.5  inches 
Module  Weight  - < 30  lbs. 


ELECTROMECHANICAL  ACTUATION  TECHNOLOGIES 


Presented  by: 


SatCon  Technology  Corporation 
12  Emily  Street 
Cambridge,  MA  02139 


Presented  to: 

Electrical  Actuation  Technology  Bridging  Workshop 
September  29  - October  1, 1992 
Huntsville,  Alabama 
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FLYWHEEL  ENERGY  STORAGE  SYSTEM 
ASSEMBLED  SYSTEM 


SatCon  Technology  Corporation  V053-2-92 
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Hub 


FLYWHEEL  ON  HUB 


SatCon  Technology  Corporation 


V053-3-92 


INTEGRATED  FLYWHEEL  HUB  MOTOR/GENERATOR  ROTOR 


SatCon  Technology  Corporation  V053-4-92 
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CENTRAL  SHAFT  FOR  INTEGRATING 
MOTOR/GENERATOR  STATOR,  MAGNETIC  BEARINGS 
AND  TOUCH-DOWN  CERAMIC  BEARING 


SatCon  Technology  Corporation 


V053-5-92 


Weight  measurements  of  the  IPACS  assembly  (wheel  energy  7.2  MJ) 
Weights  as  measured  and  best  estimates  (*) 


Mechanical  System 


Flywheel  (Fiber  structure  only) 

25.0  kg 

Motor/Generator  Hub 

5.0  kg 

Central  Shaft  + Bearing  Assembly  + 
Motor/Generator  Backiron 

13.6  kg 

Frame 

12.0  kg 

55.6  kg 

Containment  (*)  Estimate  of  light, 
thin  shell  containment 

10.0  kg 

65.6  kg 

Electronics  System 

Inverter  for  Motor/Generator  (3kW) 

5.0  kg 

Magnet  Bearing  Switching  Amplifiers  (*) 
+ Sensor  Electronics  (*) 

10.0  kg 

15.0  kg 

Analog  Amplifiers  currently  in  use 
(extreme  conservative  choice  to  cover 
all  possible  variations  of  power  and 
frequency  response  requirements) 

60.0  kg 

SatCon  Technology  Corporation 

406 


V053-6-92 


ORIGINAL  PAGE 

Slack  and  white  photograph 


HUB  AND  BACK  IRON 


ONE  MAGNETIC  BEARING  + MOUNTING  SHAFT 


V053-7-92 


SatCon  Technology  Corporation 
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Radial  Bearing 
(Journal  Bearing) 


Base  (light  alloy) 


Auxiliary  bearing  (tilt) 


Housing  (graphite  epoxy) 


Axial  bearing 
(Thrust  Bearing) 


Connecting  shell 


Auxiliary  bearing  (axial,  radial) 


Motor 


Radial  bearing 
Cover  (graphite  epoxy) 


MAGNETICALLY  SUSPENDED  MOMENTUM  WHEEL 
COMPONENT  LAYOUT 
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SatCon  Technology  Corporation 


V053-8-92 


Measurement 


0ym 


DISTURBANCE  ACCOMMODATING  CONTROLLER 

BLOCK  DIAGRAM 


SatCon  Technology  Corporation 


V053-9-92 
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TELDIX  DR-68 

SatCon  Low  Vibration 

Momentum  Wheel 

Momentum  Wheel 

Total  Mass 

8 Kg 

8.3  Kg 

Dimensions 

350  mm  Diameter 

384  mm  Diameter 

120  mm  Height 

88  mm  Height 

Steady  State  Power 

< 26.5  Watts 

< 10  Watts  in  1g 

< 5 Watts  in  Og 

Maximum  Wheel 

— 

0.03  rad/sec  in  1g 

Precession  Rate 

0.08  rad/sec  in  Og 
(min.  required  7.6x1 0*3) 

Forces  at  6000  rpm  with 

Forces  at  6600  rpm 

0.75  gm  cm  residual 

assuming  0.75  gm  cm 

Torque  Vibration  at 

static  imbalance 

static  imbalance 

GOES  Spacecraft 

F = 4.7  N 

F = 0.27  N 

Mass  Center 

Measured  at  6000  rpm 

Simulated  including 

Tx  = 7.46  Nm 

measurement  error 

Ty  = 6.83  Nm 

Tz  = 7.46  Nm 

Tx  = Ty  = Tz  < 0.7  Nm 

MOMENTUM  WHEEL  PARAMETERS 


4iQSatCon  Technology  Corporation 
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INDUCTION-MACHINE/FLYWHEEL  ENERGY  STORAGE  SYSTEM 


Objective: 


Specifications: 


Goals: 


Design  flywheel  energy  storage  system  based  on 
induction  machine  to  interface  with  20  kHz  pulse- 
density  modulation  (PDM)  converter. 


250  kJ 
36  kW 
1 kW/mSec 
4 kW 

Efficiency  (round  trip)  80% 

Power  density  2 kW/kg 

Energy  density  100  kJ/kg 

Absorb  energy  at  40  kHz 
Low  machine  loss  with  PDM  waveform 
High-efficiency  machine-control  algorithm 


Usable  energy 
Peak  output  power 
Output  power  risetime 
Average  output  power 


SatCon  Technology  Corporation 


V053-11-92 


FLYWHEEL  ASSEMBLY  LAYOUT 


SIZE:  12  inch  dia.  X 4 inch  ht. 


SatCon  Technology  Corporation 


V053- 12-92 
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BASELINE  SYSTEM  WITH  DC  PRIME  SOURCE 


SatCon  Technology  Corporation  ' V053-13-92 

413  ' 


SUMMARY 


SPEED 

24,000  rpm 

MASS 

22  kg 

VOLUME 

450  cubic  inches 

ROUND-TRIP  EFFICIENCY 

85% 

VACUUM 

1 6 torr 

TEMPERATURE  RISE 

15  deg.  K 
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SatCon  Technology  Corporation 


V053- 14-92 
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Hybrid  270  Vdc  Technology 
Demonstration  System 
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F-22  Electric  Power  System 
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Suntlswand  Corixjt.dion 


Launcher  TVC  Power  Issues 


0) 


• EMI  Suppression  and  Control 


Electromagnetics 
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Power  Electronics 


422 


High  Speed  Machinery 
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Sundstrand  Corporation 
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• Enabling  Technologies  Exist  for  Development  of  Very  Densely  Packaged 
Turboalternator  Power  Sources  for  Launcher  TVC 


GH2  Turbo- Alternator 
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John  Anderson 
(206)  773-0188 
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GH2  Turbo- Alternator 


GH2  Turbo- Alternator 
Block  Diagram 
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GH2  Turbo- Alternator 
Voltage  Regulation 
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• Turbine  shut  down  limits  fault  current  to  safe  duration 


GH2  Voltage  Response 
Opposing  load 

0 to  320  A current  ramp  Steady-State 
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MIL-STD-704D  voltage 
limits  scaled  for  220V 
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GH2  System  Schematic 


GH2  Turbo- Alternator 
ADP  Focus 
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TYC  Power  Source 
Design  Drivers 


JSC  Navigation,  Control  & Aeronautics  Division 
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ELA  Technology  Bridging  Program  Power  Source  Simulator 


JSC  Navigation,  Control  & Aeronautics  Division 
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ELA  Technology  Bridging  Program  Power  Source  Simulator 
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JSC  Navigation,  Control  & Aeronautics  Division 


441 


ELA  Technology  Bridging  Program  Power  Source  Simulator 


JSC  Navigation,  Control  & Aeronautics  Division 

ELA  System  Power  Source  Alternatives 
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ELA  Technology  Bridging  Program  Power  Source  Simulator 
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ELA  Technology  Bridging  Program  Power  Source  Simulator 
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BASIC  DESIGN  CONCEPT 


449 


ELA  Technology  Bridging  Program  Power  Source  Simulator 


JSC  Navigation,  Control  & Aeronautics  Division 


^ ft  (B  c •— 

>-  ® 4)  0.3  ® 


IIIIH 

~ E ® E o) 

■o1-  o—  ra  C 

o>  . sz  w Jr  O 

— u 4^  y (0  u 

■Q  ft  m"?  Q-0) 

.2  S <8  (§  ® *- 

J=  0*-.Q  W ft 

3 0.(0  (o o 

> ^(0  fc  — •- 

(o  .5"*“  o >»  E 

o = *2—0.0 

T3*i=  « o 

> 3-g  2.3  ft 

2^ig^ 2 

Q.^-  Q.^  0)  0) 
>»C  (0  ft,  ^ -C 
— C d)  CDz  — 

Q-o  2 »-  0*0 

o u CO  Q,  C 

ii  ws1«8e 

& ^fsis 

!T  > ” dr  £ (0 

« J&S*1-* 

^ d t O - » /A 

UJ  o”e|S» 

> Q o>  o)  *8  » 0. 

o ft  5 ^ o-§  ^ 

2 jEg.3T8®uj 


O)  £ C _ 

.£  <D  <1>  \t  Or-try-rr 

£*S5^.*2^o22 

O 2,0  <0  O « (0  ts 

5®£o® °S« 

Tj|fi553  3 S> 

2 « S •=■  2 o.q-2 

— <D<nT>3^CC 

= *co  q.°  ® w 

Sc^ajoHo4- 
r-  m <0  > -C  i_  O 
£ m o >j : a>«- 

■n  ro  o (o  > — 

■-T3  " £1  . c 5 n 
>5T3_a>raOC 

^cO®  o—  O.  o 

/it  dr  C m C/)  ^ — 


a. -0.9-0  £"£ 

t fl)£  O"  O 

SslIS# 


a>  a. 

v>  .. 


n — ^ ^ t"  w 

Q-Si'-5.Si.2i 

Sjf  ® i §)®|  'i 

^ ~ 75  -c  !2  *°  -o  <D 
OWi-OJrWOCO 

W .ft  O.IM  J,  d)  C r 
O .*t=  ^ . x 3 >K  > ■=; 

h (0  (0  C (0  C 0.2  (ft 


451 


ELA  Technology  Bridging  Program  Power  Source  Simulator 
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Sc 
t.  co 

8a 
•=  co 

**"  CD 
CO  *- 
CO  <n 
CO  £ 


s . 

2 8 . 

CO  c c 

ooS 
~ E c 

2 .S>  co  o 

I pi 

51  <B“  Q. 

(/}  C?-= 

oc  ® § a> 


Q.CO  £ 

3 2o 
o£o 

So  (o 

5 <3Z 

5ii 

h # O 


0) 

J-  CD 

o c 

in  2 

2 8> 

E > $ 

CO  3^ 

»f ' ° 

oo-2 

E o E 
oL2>o 
EiS  E 

o§> 

s S » 

0-2  co 

>■=  CD 

^ w o 
(D.tr  x 

T3  “ CD 

Ilf 

£ (0  3 
O O CO 
.tC  CD  CL 

£-°*5> 
co  c co 

2.2>E 

> co  — 

> a>  3 

0.-0  o 

CD  .COS 

h£  £ 


hu 

2> 

u©  n-j 
«s=< 
£w*Z 

J©  c« 
U>  H 


u ot 
= 2 fa 

J5|  fa 

lu  3 

§ | CL 

s 

_ < 


452 


JSC  Navigation,  Control  & Aeronautics  Division 

Power  Simulator  (without  PWM  Amp)  Output 
Transisent  Response  with  Step  Control  Input 
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ELA  Technology  Bridging  Program  Power  Source  Simulator 
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ELA  Technology  Bridging  Program  Power  Source  Simulator 
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JSC  Navigation,  Control  & Aeronautics  Division 
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JSC  Navigation,  Control  & Aeronautics  Division 

ELAPSS  Project  Schedule  (FY’92) 
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ELA  Technology  Bridging  Program  Power  Source  Simulator 


JSC  Navigation,  Control  & Aeronautics  Division 
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SESSION  VII 


ELA  OPERATIONS 
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WHY  AN  ELA  OPERATIONS  TEST  BED? 


If  a concurrent  engineering  approach  to  design  is  to  be 

USED,  THE  LAUNCH  SITE  OPERATIONS  CUSTOMERS  WILL  NEED  TO 
GAIN  KNOWLEDGE , SKILLS  AND  ABILITIES  IN  THE  FOLLOWING 

areas: 

1.  Skill  in  handling  high  power  busses 

Signal  measurement  between  lru's 

GSE  REQUIREMENTS  & CHARACTERISTICS 

Switching  and  bus  redundancy/isolation 

CHARACTERISTICS 

2.  Knowledge  of  power  source  characteristics 

Battery  HANDLING  AND  MAINTENANCE 
Flywheel  operation 

3.  Ability  to  handle  personnel  safety  issues 

batteries 
high  voltage  lines 

4.  Knowledge  of  actuator  operation 

Locking  operation  and  characteristics 
Actuator  Initialization 
General  operating  characteristics 
(Current  monitoring  / torque  equalization  / 

VELOCITY  SUMMING) 

5.  Experience  in  system-level  issues 

Data  management 
Fault  management 

Energy  management  (charge/discharge  cycles) 


ELECTRIC  ACTUATION  OPERATIONS 
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ELA-TB  WORKSHOP 
SEPT  29-  OCT  1.  1992 


ELECTRIC  ACTUATION  OPERATIONS 
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ELA  TECHNOLOGY  BRIDGING  WORKSHOP  SEPT  29  - OCT  1 , 1 992 
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ELECTRIC  ACTUATION  OPERATIONS 


ELA  TECHNOLOGY  BRIDGING  WORKSHOP  SEPT  29  - OCT  1 , 1992 


NASA  Electrical  Actuation 


Q_ 

O 


(/) 

o 


’o) 

"D 

■ MM 

CO 

> 

CD 

_o 

O 

c 

o 

CD 

h- 


467 


Technology  Development  Division 
Science  & Technology  Laboratory 
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Field  application  and  evaluation  of  ELA  during  2nd,  3rd  and 
4th  quarter  of  FY93. 
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P/1 -1/9-25-92 


EL  A SPECIFICATIONS 
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Accessories:  Power  Release  Brake,  Spring  loaded  front 

clevis,  Stroke  limit  switches.  Rotary  encoder 
for  linear  displacement 


ELA  SERVO  MOTOR  HIGHLIGHTS 
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Controller  Power  Supply 
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ELA  TESTBED  MEASUREMENTS 
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ELA  CONTROLLER,  POWER  SUPPLY,  AND  OPERATOR  CONSOLE 


POWER-BY-WIRE  FLIGHT  DEMONSTRATIONS 

ON  LASC’S  HTTB 
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9596-26 

11-19-92 


HTTB  Technologies 
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Digital  Flight  Control 
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HTTB  Advanced  Avionics 
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TACAN 


HTTB  Advanced  Avionics 
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9596-22 

11-19-92 


Avionics  Bay 
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opt  32b 


Mobile  Data  Center 
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9596-32 

11-19-92 


Power-by-Wire  Advantages 

for  C-130 
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Field  Level  Hazardous  Waste  Reduction 


Electro  Hydrostatic 
Actuator  - Left  Aileron 
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Integrated  Actuator  Package- 

Rudder 
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Variable  Voltage  = zero  to  200-V,RMS,L-L;  three-phase  AC 
Variable  Frequency  = zero  to  750-Hz 
Power  = 40-KVA  (maximum) 
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Specific  Volume  = 1 .6-HP/cu.in(peak);  3.1 -HP/cu.in (steady  state) 
Moment  of  Inertia  = 0.01 03  in-lb-sec-sec 
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Weight  = 300-lb  (non-optimized  prototype) 

Moment  of  Inertia  (at  the  motor  shaft)  = 0.0089  in-lb-sec-sec 
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Typical  power  (slew  rate)  limited  frequency  response  ^ 2.0-Hz  @ 
±0. 5-inches 
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October,  1992 
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Small  Signal  Frequency  Response 
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Reiteration  r j ~r  I ^ \ Maximum 

(dRate/dt)  - \-|-  -/ — —1 X—  Acceleration 
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Step  Response  is  consistent  with  power  limits 


General  Dynamics  EMA  Testing  at  MSFC 

Step  Response  Typical  Characteristic 
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Step  = 0.5-inches  Step  = 2.0-inches 

Max  Rate  = 4.5-in/sec  Max  Power-limited 

(no  power  limiting)  rate  = 6.0-in/sec 


General  Dynamics  EMA  Testing  at  MSFC 


u 

u 

II 

2 1 

>s 

Of 
K* 


l* 

II 

15 


(/) 


o 

0 

**- 

0 
■ MM 
*-• 

(0 

«r 

C/>  T- 

|co 

o® 
u--2 
co  E 

22 
+*  Q. 
to  a> 

o>^ 


<n 

a> 

O) 

c 

(0 

k_ 

■D 

0 

O 

0 

CL 

X 

0 


O 

o 

0 

_C0 

1/5 

0 

_c 

o 

0 .S 

§ q 

TD  CD 

0 » 


5 

0 

0 

5 

0 


•=  O 

0 .X 
0 0 
+*  0 

< 5 

2 0 

^ £ D 

og>  8 
E - 
-o 


■g 

£ 


~ T5 


0 

_Q 


o a> 
e.E  S m 


0 

0 


Q| 

0 0 

0 g- 

> 

|i 

co 

O o 

E 

• 

E 

3 

■o 

0 

*«■> 

0 

3 


0 


0 

C 

O) 

'0 

I 

0 

E 

0) 


0 

I s 
0 0 
£ 3 

■O 

0 

* 0 


c 

o 


3 

o 

0 

0 


0 
C 

o 

0 § 


i 

0 

CM  C0 

1 i 

3 

E 

x 
0 

E 

"O 

0 


§ 1 

ZZ  C 

r s 

s 

>» 


0 

0 

.Q 

0 

*_ 

0 

>% 

C 

0 

0 

C 


0 

2S 

O 

CL 


A 

0 

a. 

0 

o 

75 


— 1 c 

otf  0 


>s 

o 

0 

i— 

3 

O 

O 

< 


CM 

C/) 


0 

SZ 

«4~» 

0 

0 

E 


o o> 
ac 

il 

.io 
0 2> 


ID 

0 

C 

g> 

<n 

0 

■D 

0 

0 

£ 

-C  0 

f.§ 

X5  c0 

86 

-Q  CM 

E 

0 

0 C 
>0 
0 E 

o 0 

fit 

O 2 


i 

0 

O? 

So. 
S E 

§J? 
0 0 
O C 

0 .S5 

SZ  0 

-4— » I 
>,  0 
_o  o> 

"O  0 
.■tr'o 

Eg 

0 

£ 

3 
CL 
_C 

0 

$ 

o 

Q. 

k_ 

0 


O = 


c 

o 

o 

w_ 

o 

o 


sj 

o» 


I 

o 


1 


510 


the  source,  which  resulted  in  a 
bandwidth 


Design  of  A High  Power 
Prototype  Electromechanical  Actuator 
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NASA  ELA-TB  Workshop 
September  29  - October  1,  1992 


AGENDA 

EMTVC  Actuator 
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WHY  ELECTROMECHANICAL  ? 
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FLUID  CONTAMINATION  (FILTERING) 


DESIGN 
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PROPULSION  LABORATORY 
EP64  Branch 


BASELINE  REQUIREMENTS 

SRM,  SSME,  NLS  CLASS 
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GEAR  TRAIN 
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GEAR  REDUCTIONS  (8.75:1  Total) 

• 1ST  GEAR  PASS,  1.25:1,  7000-5600  RPM 

• 2ND  GEAR  PASS,  7.00:1,  5600-800  RPM 
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LARGE  # OF  POLES 

(NOMINAL  DRAG  TORQUE  IN  REDUNDANT  SYSTEM) 
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EMA  DEVELOPMENT 
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THINGS  TO  CONSIDER 

• SYSTEM  WEIGHT 

• POWER  SOURCE 

• MAINTENANCE 

• COST 
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John  P.  Sharkey  / Rae  Ann  Wei 
EP64 

205-544-7146 


SYSTEM  DESIGN  SPECIFICATIONS 
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MSFC  TVC  ACTUATOR  TEST  PLAN 
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THIS  IS  A BLOCK  DIAGRAM  OF  MSFC'S  TEST  SETUP. 
HIGH  POWER  WAS  PROVIDED  FROM  A 270  VOLT 
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ORIGINAL  PAGE  IS 

OF  POOR  QUALITY 


CURRENT  RRu/Jf- 
AMRL  I Ft  ER 


THE  ENVELOPE  ON  THE  FREQUENCY  RESPONSE  CHART 
IS  THE  SSME  SMALL  SIGNAL  REQUIREMENT.  DATA 
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PHASE  (DEGREES)  MAGNITUDE  (d B INCH/INCH) 


nSFC  EHA  NFFT=  2048  OUERLAP=  1024 
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Frequency  Response  Coherence 


THE  BASIC  CONTROL  SYSTEM  BLOCK  DIAGRAM  SHOWS 


Q 

< 

O 

< 


H 

B 

Eh 

£ 


H 


B 

Eh 


Eh  £ 

3 22 

£ 


w 

Eh 

< co 
B < 

w £ 

£ a 

o 


1 

o 


S w 

2 GO 
Eh  Eh 
O S 

S3  S 

fe  fe 

o w 
h a 

H H 
£) 

Q « 

5 8 

g 3 

6 3 

3 § 

P Sq 


Eh 

o 

£ 

a 

o 

3 

£ 

O 


o 

o 

HH 

B 

£ 

O 

O 

B 

B 

o 

B 

Eh 

£ 

O 

O 


B 

£ 

i 

B 

co 

B 

H 

ca 

HH 

% 

P 

Eh 

C/3 

w 

Eh 

B 

O 

o 


Q 

b 

Eh 

£ 

b 

§ 

b 

B 

PL, 


CO 

$ 

P-I 

o 

o 

B 

B 

<3 

B 

B 

B 

Eh 

B 

B 

Eh 

B 

< 

£ 


£ 


532 


THESE  ARE  EXAMPLES  OF  BOTH  SMALL  AND  LARGE 
STEP  RESPONSES.  THE  SMALL  STEP  SHOWS  AN 


w X 

S3  o 

H 3 
£ £ 


Eh 

Z 

W 


00 


W 

Ph 

M 

£ 

o* 

w 


535 


w 

Q 

O 

§ 

55 

O 


W 

£ 

W 

0 

W 


O « 


537 


otor  Current 


THE  NEXT  TWO  VIEWGRAPHS  SHOW  LINEARITY  FOR 
BOTH  SMALL  AND  LARGE  EXCURSIONS.  THE  POSITION 
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Rvdt  Position  Error  (Inch) 


nSFC  TEST:  tl_2b831  DISCRETE  SIME  0.1  HZ  0.1  INCH  0/31/92 

0.0-4 
0.03 
0.02 
0.01 
0 

-0.01 
-0.02 
-0.03 
-0  .04 

TIME  (SEC) 


hSFC  TEST:  tl_2b831  DISCRETE  SIME  0.1  HZ  0.1  INCH  8/31/92 


Position  Comnand  (Inch) 
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Rvdt  Position  (Inch)  Rvdt  Position  Error  (Inch) 


AFTER  COMPLETION  OF  THE  TEST  PLAN  ON  THE 
INITIAL  CONTROLLER  CONFIGURATION,  IT  WAS 
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R vdt  Position  Cinch)  Rvdt  Position  (Inch) 


; 1 i i i 1 1 1 

13  13.5  14  14.5  15  15.5  16 


TIME  (SEC) 

MSFC  TEST:  t2_8924  STEP  RESPONSE  0.15  HZ  5 INCH  9/24/92 


TINE  (SEC) 

Step  Response  With  Rate  Loop 
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(piston)  (INCHES)  BETA (end ) (INCHES) 


A NEW  GEAR  SYSTEM  IS  ON  ORDER  WHICH  WILL  ALLOW 
MSFC  TO  IMPLEMENT  A TWO  MOTOR  CONFIGURATION 
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FUTURE  PLANS 
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rrwspiroid 

An  Iffinofc  *feol  Worke  Company 
2601  North  Koolor  Av^nw 
Chicago,  ininofe  60639 
Telephone  312.227.2200 
FAX  312.2270339 

/rwSpiroid 


ITU  SPIROID 


ITV  Splrold,  A Division  of  Illinois  Tool  Works,  Is  a manufacturer 
of  proprietary,  custom  gear  forms,  roller  screws,  and  Index  rings. 
These  products  come  In  the  form  of  Splrold  + Helicon  right  angle 
gearing,  Concurve  spur  gears,  Splracon  roller  screws,  and  Endlcon 
Index  rings. 


ITW  Splrold  provides  their  products  for  a large  number  of  diverse 
applications.  Approximately  50%  of  our  volume  goes  to  both  military 
and  commercial  markets.  Military  applications  Include  such  equipment 
as  the  Apache  Helicopter,  M109  Howitzer,  F15  Fighter  Aircraft,  and 
the  Harpoon  and  RAM  Missiles.  Commercial  applications  include  Hand 
Tools,  Laser  Imaging  Devices,  Machine  Tool  + Flxturing  Devices, 
Tundlah  Car  Actuators,  and  Aircraft  Flap  Actuators. 


Spiro id /Helicon  - Right  Angle  Gearing 


Splrold 
10:1  - 400:1 
High  Contact  Ratio 
Higher  Capacity 
Good  Efficiency 


Helicon 
4:1  - 400:1 
High  Contact  Ratio 
High  Capacity 
Better  Efficiency 


Possible  Cross  Shaft  Design 
Backlash  Control 
Material  Variability 


These  gear  forms  have  the  widest  center  distance  of  any  right  angle, 
face  type  gear  form  thereby  producing  the  highest  contact  ratios 
possible.  This  allows  for  high  capacity  In  small  space  envelopes 
thus  affecting  packaging,  weight,  and  power  density. 

Concurve  Spur  Tooth  Gears 

This  gear  form  Is  a variation  of  an  Involute  spur  tooth  form  where  the 
tooth  profile  has  a relatively  constant  radius  of  curvature  from  the 
tip  of  the  tooth  to  the  root  of.  the  tooth.  This  distributes  the 
contact  stress  evenly  up  + down  the  tooth  flank.  Involute  spur  geer 
teeth  tend  to  have  ever  Increasing  contact  stress  as  you  move  from 
tip  to  root  of  the  tooth. 


SpiroW.  Hetoon.  Concurve  and  Splracon  are  registered  trademarks  and  Endteon  Is  • trademark  or  Minol*  Tool  Works  Inc. 


Concurve  vs.  Involute 


The  even  distribution  of  stress  in  Concurve  gears  allows  for  higher 
loads  and  lower  numbers  of  pinion  teeth  due  to  this  feature. 

Therefore,  pinions  with  as  few  as  4 teeth  and  ratios  up  into  the 
20*©; 1 are  possible.  Removal  of  gear  passes,  higher  loads,  higher 
ratios  and  downsizing  are  all  possible. 

Splracon  Roller  Screws 

Spiracon  Roller  Screws  offer  several  advantages  over  Ball  Screws  and 
Acme  Screws.  The  basis  for  these  advantages  lie  in  a discussion  of 
the  type  of  contact  chat  exists  between  members  within  the  nut  Itself. 

Acme  Screws  have  line  contact  between  members.  They  have  great  capacity 
for  this  reason.  However,  there  is  so  much  contact  and  with  the  elements 
sliding  upon  each  other,  the  efficiency  is  extremely  low,  usually  around 
20%.  Thus  motors  tend  to  be  very  large  to  overcome  this  inefficiency. 

Ball  screws  have  point  type  contact  between  members.  Imagine  a ball 
riding  in  a trough  of  slightly  larger  curvature.  A small  point  exists 
between  these  two  members  upon  which  the  load  will  be  carried.  For 
this  reason  they  have  limited  capacity.  However , due  to  this  small 
contact  area  and  the  rotation  of  all  internal  components,  ball  screws 
are  generally  very  efficient. 


Spiracon  Roller  Screws  have  line  type  contact  between  members. 

These  lines  create  a large  area  over  which  the  load  is  carried 
thus  decreasing  the  stresses  on  the  components.  Higher  capacities » 
longer  life  and  reduced  size  are  all  possible.  All  Internal 
components  do  rotate  however,  because  of  the  increase  In  contact 
area,  roller  screws  sre  slightly  less  efficient  that  ball  screws. 


HOUSING 

ROLLER 

BEARING 


LOAD  BEARING 

THRUST  BEARING 
MOUNTING  HOLE 
^ WIPER 


COVER 


SCREW 


SPIRBCON®ROLLER  SCREW 


Endlcon  Index  Rings 

Endlcon  Index  Rings  consist  of  2 mirror  linage  gear  halves  with  teeth 
machined  such  that  intimate  contact  exists  between  the  two  halves  * 
They  can  be  used  as  Indexing  devices , couplings,  centering  devices, 
etc « They  have  been  used  previously  in  such  applications  as  Indexing 
Tables,  Multi-Stage  Turbine  Blade  Alignment  devices.  Robotic  end 
effector  joints  and  Blind  Assembly  Robotic  couplings » 
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The  basic  components  of  the  PSS  are  shown  here  along  with  how 
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HIGH-SPEED  PSS  BLOCK  DIAGRAM 
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Allied-Signal  Aerospace  Company 


This  cross  section  of  the  hydrogen  powered  PSS  turboaltern 
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HIGH-SPEED  PERMANENT-MAGNET  ALTERNATOR 

PSS  CROSS  SECTION 
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Allied-Signal  Aerospace  Company 


This  schematic  shows  the  simple  rectifier  desian  power 
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HIGH  SPEED  PSS  WITH  RECTIFIER 
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NLS  PSS  TURBOALTERNATOR 
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details  and  subassemblies  which  make  up  the 
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NLS  TURBOALTERNATOR 
P/N  2784075 


<o 

•nC 

=(/> 


d-y 


ORIGINAL  PAGE  !S 
OF  POOR  QUALITY 


| 

S 

Q 


«C 

o 

w. 

0) 

</> 

0) 


ft 


567 


T3 

C 

CO 


568 


The  majority  of  these  tests  have  been  accomplished.  Application 
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Shown  here  are  the  traces  of  r 
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This  is  another  stripchart  recording  of  the  test  described  on  the 
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BOEING/ALLIED-SIGNAL 
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PSS  TURBOALTERNATOR  DESIGN  COMPARISONS 
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SESSION  IX 

DEMONSTRATION 


PRECEDING  PAGE  BLANK  NOT  FILMED 


579 


SESSION  X 

EMA  FDIR  AND  VHM 


PRECEDING  page  blank  not  FU.M® 
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ORIGINAL  PAGE  IS 

PRECEDING  BLANK  NOT  FILMED  OF  POOR  QUALITY 
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18  September  92  _ — _ Integrated  Vehicle  Health  Management  Technology  Bridging  Program 


EMA  Health  Management 
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1 October  1 992 


EMA  Health 
Management  Agenda 
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Summary 
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460  people  $45M  Total  Funding  Sensors  Control  Systems 

280  engineers/  $32M  Contracts  Microsystems/Circuits  Displays 

scientists/  $ 9M  IR&D  Signal  Processing  Computer  Systems 

technicians  $ 4M  Divisions 
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Health  Management  Philosophy 
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Health  management  is  more  than  determining  that  a 
system  is  working  nominally — it's  a system  design 
aimed  at  reducing  the  risk  of  system-  and  mission- 
threatening  failures 

Honeywell 
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maintain  assets  and  reduce 
replacement  costs,  as  required 


Health-Monitoring  Systems 

The  Present  Situation 
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Health-Monitoring  Systems 

The  Future 
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HLV  Baseline  Avionics  Configuration 
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VHM  Integration  Logic  Flow 
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Smart  Structures  Functionality  Definition 
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Self-test 

Local  data  qualification 
Time-stamping  of  data 
Data  reasonability  tests 


Smart  Sensor  Microsystems 
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Time  and  Stress 
Measurement  Device 
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A real-time  reference  maintained  by  the  TSMD  can  show  the  date  and 
time  of  particular  stress  events 


Smart  Sensor  Electronics  Core 
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ORIGINAL  PAGE  IS 
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Motor  Current 
Health  Assessment  Matrix 


I ? 
* I 


O 

S ! 

I I 


t i s i 

Iff  i 


O 3 C 
« £ 


o 

8 i 

1 1 

3 X 3 


as  ae 

Eo  Er 

<£  < 5 


| £ £ 
g » « I 

A TJ  > > 

■SI  « « 

s|  © S 

= 2 3 3 

S-S  5T  ? 

E « S S 

< £ u.  u. 


c c 

if  2 

PS  I 

I 

tr 


! I 

* i 

? s 


&«  5? 

oS  I 
« ® 8 
|g  8 

SiS  £ 


i=  | 

© -o  3 Js 

is  iSHs 


u w w#-  * 

8 i ST&  8 5 g 

3&.2S  21  i 


o £ 

g 5 

2 (0 


s 

I . 


if.fi 

fill  1 

a s 9 • « 

22  a 1 H 


I J 


1 8» 


§1 

8 5 

*C  w 

1 I 

a s 


f f s 

S o s 


• • e ~ 


EMA  Test  1:  Loose  Actuator 
Bearing  Anomaly 
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EMA  Test  2:  Tightened 
Actuator  Bearing  Characteristics 
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EMA  Bearing  Wear  Failure 
Prediction  Example 
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EMA  Motor 
Winding  Failure 

Priority  2 
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Motor  Winding 
Failure  Schematic 
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Power  Transistor 
Failure  Schematic 
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Loose  Connector 
Failure  Schematic 
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Signal  and  Data  Acquisition  Systems 
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• Supports  fault  tolerance  through 
redundant  transducer  packaging 
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DISTRIBUTED  POWER/CENTRALIZED  CONTROL 
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FUZZY  LOGIC 
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RESULT  ■ CONTINUOUS  NON  INTRUSIVE  MONITOR  OF  SERVO  GAIN 


FUZZY  LOGIC  RULE  TABLE 


oc 

3 

< 


LU 

o 

2 

ui 

e 

LL. 

o 

I— 

o 


o 


i □ i 


aoaaa  Nomsoa 


622 


EMA  SPECIFIC  REQUIREMENTS 


(ALLOWS  MAJOR  FAULTS  TO  BE  INTRODUCED  WITHOUT 
ENDANGERING  PERSONNEL  OR  EQUIPMENT) 


LeRC  Contact:  Gale  R.  Sundberg,  (216)  433-6152 


FAULT  TOLERANT 


and 

Dave  Wilks 


Fault-Tolerant  System  Test  Bed 
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Fault-Tolerant  System  Test  Bed 

Relationship  with  IR&D/  CR&D-Real-Time  Lab 
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Fault-Tolerant  System  Test  Bed 

EMA/ARCS  TOPOLOGY 
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Fault-Tolerant  System  Test  Bed 

Redundancy  with  Induction  Motors 
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Fault-Tolerant  System  Test  Bed 

Horizontal  Pivot  Pendulum  Test  Stand 
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Fault-Tolerant  System  Test  Bed 

Actuator  Test  Bed  Layout 
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Fault-Tolerant  System  Test  Bed 

Summary 


C m C 

<D  co 

<2  c = 2 

E o .2  E 

O ^ ft  o 

+-»  r u .y 

OT  fc  C t; 

> O 3 <]) 

CO  o U.  Q. 


(0  <0 

ID  o> 

a> 

d)  £ 


— d>  = 

c | < 

^ 

£ < 2 


633 


AM  /?  r/W  AM  «/£TM 


634 


Rae  Ann  Weir  / MSFC  EP64 
206-544-7146 


During  the  time  frame  from  November  1991  to  the  time  of  this  workshop,  20 
failures  were  recorded  during  testing  of  EMA's.  Failures  documented  include 
those  during  the  development  and  test  of  Marshall's  in-house  actuator  and 
hardware  brought  in  for  test  and  demo.  Failures  were  divided  into  two 
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off-the-shelf  and  not  necessarily  optimized  hardware.  This  is  not  to  say  that  a 
shorted  motor  would  not  be  a credible  failure,  but  failures  of  that  nature  have  not 
been  seen  in  test. 


FAILURES  IN  TEST 
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High  Power  Electronics  L0W  P°wer  circuitry 

Testing/Vehicle  Structural  Interfacing  Power 
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ELECTRICAL  ACTUATION  SYSTEM 

FAULT  TREE 
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HARDWARE  DEMONSTRATION  OF 

VHM  SYSTEM 


~o 

c 

0 

CO 

<1) 

’5 

CO 


8 >■ 

S 2 

co  2 
. 0) 
co  ‘F 

|i 

3 »- 

O'  o 

CD  *♦- 

0C 

.c 

co 

5 

CO 

■4— • 

CO 

LU 


CD 

> 

CD 


0 

> 

0 


0 — 1 
CO  c 

E o E 

-C  Q.  0 

■t— • r 

r h £ w 
§>m  o <o 


a 

o 

o 

0 c 
o 

■k  •— 

o) 

c 2 

0 

■—  D 

0 4— > 

•*-> 

c 

o % 

CQ  < 

^ (1) 

0 4- 

CO  > 

C 

^ flj 

g 0 

.2>> 

| E 

CO 

^ 0 

< 

0 g> 

■o  ^ 

r-  0 

C 

^ LJJ 

j-  0 

+E2 

< O 

4^ 

E 15 

br  0 


(0  - ^ 
— 0 O X 

CL  > ^ > 

0 0 


X 

> c 

0 

4-  C 

c o 

0 a 

E E 

0 O 

Q.O 

E . 


o 0 

E > 

■-  0 

CO  _l 

® E 

o 0 

-4—* 

JZ  co 
0 > 
> CO 


— co 

0 Q) 
5 D 
> O' 

8s 


o 


E o w 
0 X <d 

^ O)  ^ 
rW  O (fl 
o o 
S < 2 E 
2 2 
■i=  lu  o 
co  £ > 

§Oco  a 

E^i<a 

0 

Q • • 


641 


System 


MSFC  EMAVTVC  PLATFORM  FOR  VEHICLE  HEALTH  MANAGEMENT  DEMONSTRATIONS 


642 


FACILITIES.  HARDWARE  AND  SUPPORT 
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Test  Of  Drag  Torque  Resulting  From  Failed  Motor 
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QjENQDRP  Propulsion  Division 

aerojet  Microcontroller  PCB  Design  Is  Based 

Upon  The  87C196KC  Microcontroller 
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16  KHz 
Oscillators 
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Return  Update  Sensor  ll  Retrieve  p.  Perform  Scaling  Effector  Status 

/ Data  Registers  Sensor  Data  And  Conversion  Monitoring 


L3ENLDRP  Propulsion  Division 

aerojet  Dual  Redundant  Electronics  Provide 

Reliable  Control  System  Design 
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Performs  Motor  Commutation  And  Power  Switching 
Serves  As  Power  Source  (DC-DC  Conversion,  Filtering  And 
Distribution)  For  On-Board  Components 
Provides  Signal  Conditioning  For  Sensor  Signals 
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Overcurrent  Protection 
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L3ENLDRP  Propulsion  Division 

aerojet  Qear  Reduction  Is  Accomplished 

Using  Harmonic  Drive  Design 
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Modular  Design  And  Simplified  Interface  Allows  Adaptation 
To  Any  On/Off  Or  Modulating  Valve  Application 
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SESSION  I.  ELA  SYSTEMS 


October  1,  1992 

Question  1.  Yes,  ELA  has  demonstrated  technology  readiness  and  has  established 
feasibility.  Note:  The  whole  group  agreed  with  this. 

Question  2.  The  critical  element  of  the  ELA  Bridging  program  is  the  hot  fire  test. 

This  is  not  the  only  thing  but  it  is  essential  if  we  are  to  sell  this  technology  to  a 
program  manager. 

Question  4.  NASA  has  to  focus  in  on  a target  and  provide  system  requirements.  This 
is  a must  for  evaluating  various  system  fairly. 

Question  5.  Industry  can  not  continue  to  support  this  kind  of  effort  very  long  without 
program  to  aim  toward.  Money  is  tight. 

Question  6.  Have  to  do  system  studies  to  drive  out  system  requirements. 

Question  7.  TIM  - Yes,  where  or  when? 
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SESSION  II;  FLA  CONTROL  ELECTRONICS 


October  1,  1992 

Question  1.  Feasibility  has  been  established,  but  full  power  level  has  not  been 
demonstrated.  Before  full  power  can  be  demonstrated  the  following  issues  must  be 
resolved: 

a.  EMI  must  be  addressed 

b.  Packaging  of  power  devices  (Air  Force  is  currently  working  on  packaging) 

c.  Motor  optimization 

d.  Flight  current  sensors 

e.  Single  event  upset 

f.  Start  transients 

g.  Batteries. 

Question  2.  FY  95  is  feasible  if  funding  and  above  questions  are  answered. 

- Must  identify  (EMI,  performance,  etc.)  requirements  and  specifications. 

- In  order  to  meet  FY  95,  there  must  be  cost  sharing  between  government  and 
industry. 

- On  TTB  hot  fire  demonstrations,  a common  TTB  requirement  for  all  vendors 
is  needed. 

a.  Is  TTB  our  most  effective/realistic  test? 

b.  Does  it  simulate  flight  profiles? 

c.  Could  performance  requirements  be  full  demonstrated  at  vendor 

facilities? 

- Each  company  should  be  allowed  access  to  TTB/ test  fixture. 

- Government  splinter  session  recommendation  is  demonstration  at  a common 
test  facility. 

Question  3.  NASA  ELA  System  Design  Handbook  is  not  recommended.  A system 
requirements  and  specification  document  is  preferred. 

Question  4.  Program  Office  should  show  time  and  hardware  commitments  for  ELA 
hardware.  Recommend  cost  sharing  and  Cooperative  Research  Agreements. 

Question  5.  Fly-offs  should  not  be  required.  Requirements  should  be  to  meet 
performance  requirements  at  full  power.  System  design  should  not  be  a factor,  rather 
system  requirements. 

Question  6.  Next  ELA  meeting  should  be  a full  power  demonstration  (approximately  1 
year  from  now  with  location  yet  to  be  selected). 
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next  ELA  TIM/Workshop/Conference:  WHAT,  WHEN  & WHERE 


ELA-TB  WORKSHOP 
ELA  POWER  SOURCE  SYSTEMS 
SPLINTER  SESSION  OUTPUT 


QUESTIONS  1 & 2:  . . . KIAC4, 

The  PSS  parameters/requirements  needed  by  both  NASA  s tLA 
Technology  Bridging  Team  and  PSS  vendors  for  definition  and  design 
are  as  follows: 

- Power  profiles  which  Include;  base  power,  voltage  limits,  peak 

power,  total  energy,  rise  times,  regulation  requirements,  and 
frequency/spacing  of  current  pulses. 

- Start  transient  loads. 

- Ascent  profiles/worst  case  scenarios  from  Flight  Dynamics  area. 


- Corona  and  EMI  Specs  and  allowances. 

- Redundancy  and  reliability  numbers. 

- Failure  modes. 

- Environmental  requirements,  acoustics,  vibration,  thermal,  etc. 

- Processing  , handling,  shelf  life,  pad  access,  and  activation. 


- Regeneration  tolerance. 

- Propellant  availability. 

- Pre-launch  check-out,  start-up  times,  GSE  availability  and  use. 

- Load  Impedances. 

- Data  and  documentation  expected  from  vendors. 

Quest  km  3^  reqU^rernentS  that  are  specifically  ELA  demands 
Include;  launch/flight  environments,  high  current  spikes,  high 
voltage,  and  rise  times. 


Question  4: 

The  Implementation  of  an  ELA-TB  consignment  unit  for  PSS 
development  was  decided  to  be  non-advantageous  to  NASA  ELA-TB. 

Question  5: 

The  development  of  a power  source  simulator  Is  a good  Idea. 
This  type  project  is  currently  underway  with  JSC's  ELAPSS  project. 

Question  6; 

A credible  timeline  can  not  be  generated  until  more  Power 
Source  requirements  are  defined. 

Question  7: 

The  Feb/Mar  time  frame  was  decided  upon  for  the  next 
ELA-TB  TIM.  Requirement  updates  and  technology  advancements 
should  be  the  main  topics  for  the  Power  Source  Systems  session. 
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SESSION  IV.  ELA  OPERATIONS 


October  1,  1992 

OBJECTIVES  - CONCURRENT  ENGINEERING 

* Need  a representative  hardware  platform  to  drive  out  real  operational 
requirements'and  prioritize. 

* Need  operation  environment  for: 

- Feedback  to  designers  (and  researchers) 

- Safety  design  feedback 

- Realistic  timelines 

- Validate/recommend  changes  to  prototype  OMRSD/LCC.. 

* Near  term/mid-term/long-term  approach  to  concurrent  engineering. 
IMPLEMENTATION 


Two  pronged  approach: 

1.  Form  process  improvement  and  design  improvement  teams. 

2.  Consider  utilizing  SRB  AFT  skirt  as  platform  to  meet  the  objectives. 
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ELA  REDUNDANCY  & HEALTH  MANAGEMENT  SPLINTER 

SESSION 

Don  Brown/NASA  JSC 
1 October  1992 


OBJECTIVES: 

• Identify  technology  requirements  associated  with  ELA  redundancy 
management  (RM)  and  health  management  (HM)  and  those  areas 
that  represent  a potential  high  return  on  investment  for  Bridging 
Program  funds. 

Technology  shortfalls 

Technology  demonstrations 

Tools  and  other  support  requirements 

What  cost : benefit  metrics  can  we  identify? 

• Define  the  interfaces  between  ELA  RM  & HM  and  overall  Integrated 
Vehicle  Health  Management  (IVHM). 

•Identify  proper  relationship(s)  between  the  following 
technologies/disciplines: 

Design  for  Testability 
BIT/BITE 
Boundary  Scan 

Smart  Sensor  technology  insertion  options 

Sensor  reduction/elimination  (i.e.  commutation  support 

sensors) 

•Discuss  recommended  NASA  approach  to  fault  tolerance  and  RM  for 
actuators. 

i.e.  should  a single  EMA  be  used  in  a flight  critical  application? 

What  guidelines  should  drive  selection  of  actuation  technology, 
i.e.  EMA  vs.  EH  A,  PM  DC  vs.  induction,  etc.? 

• Identify  white  paper  products  that  would  be  valuable: 


EMA  vs.  EHA  selection' considerations  and  criteria 
Motor  selection 

Failure  recovery  approaches  (i.e.  lock-up  vs.  return  to  null) 
PARTICIPANTS 

MDSSC  - Delta  Launch  Vehicle  EMA 

Univ.  of  Alabama  - characterize  roller  screws  and  ball  screws 

R A Weir  MSFC  CDL 

Aerojet 

LeRC 

LaRC  - GN&C  avionics  I/F 
Allied  Bendix 
Moog  Boeing  NLS  TVC 
Jack  B NLS 
Bill  St.  Cyr  SSC 

Fred  H.  - 

Good  x-section  Of  disciplines  and  interests. 

APPROACH 

Answer  J Sharkey  questions. 

Identify  significant  omissions. 

ELA  requirements  id  and  collection  mechanism  required.  Support 
immediate  term,  through  demos,  to  long  term.  MSFC  ELA 
requirements  QFD  (joint  team  in  place).  Focus  is  on  NLS.  Target 
completion  by  February  1993. 

****************************************+*****+***+*+*********+********* 

************************************************************************ 


QX 

Subsystem  level  maturity  is  good  - global  strategies  and 
tools  are  still  lacking.  Integration  of  technologies  is  not 
mature;  the  technology  elements  are. 

White  papers.  Concentrate  on  the  way  we  do  fault  management. 
Concern  on  what  audience  would  be.  ELATB  would  collect,  catalog 
and  publish.  Don  will  generate  a list  of  potential  targets. . 


Standalone  versus  "cooperative"  VHM  approaches. 


NLS  says  need  integrating  glue  to  transition  from  health  monitoring 
to  IVHM.  Elimination  of  unnecessary  sensors;  use  data  captured  in 
normal  control  signals,  etc.  LeRC  has  started  this  effort  (university 
supported  study);  would  use  excess  controller  processing  power. 

Realistic  failure  analysis/fault  tree  data  required.  - Follow  up  to  Rae 
Ann's  data. 

FOUR  TRACKS  FOR  IVHM  DEVELOPMENT 
ARCHITECTURE 

FLIGHT  SUPPORT  SYSTEMS  (GROUND/FLIGHT) 

TOOLS 

ELA  TECHNOLOGY  is  ready  now  - Boeing.  Architectural  decisions  will 
drive  subsystem  design  philosophies.  Work  is  required  to  tie 
operations  and  development  together.  NLS  says  smart  sensors  have 
option  to  do  processing  at  lowest  level  but  there  must  be  reporting  to 
a central  level  to  support  launch  processing,  flight  control.  Local 
analysis  with  avionics  suite  for  coordination.  This  seems  to  be  a 
uniform  approach. 

FDIR  and  data  requirements  are  different  for  ELV  Vs  reusable. 

How  much  reliability  is  needed?  Tied  to  human  rating  issues. 


02 

Boeing/Allied  EHA  - advantages  of  hydraulic  bypass  are  undeniable. 
Fail  op/fail  safe  (return  to  null).  No  real  RM  demo  has  been  offered 
yet.  How  far  down  must  we  take  redundancy?  Should  rotor  shafts 
and  bearings  be  considered?  What  are  credible  failures?  Up  front 
involvement  of  R&QA  needed. 

For  8 channel,  they  have  had  several  failures  and  the  system 
continued  to  run.  This  is  really  used  as  a 4 channel  device.  The 
motOF  shaft  is  common  to  all. 

Trade  between  redundancy  content  and  HM. 


Q3 


MAST  approach  is  to  not  allow  proprietary  content.  To  date,  there 
have  been  no  proprietary  issues  associated  with  ELA  TB.  Use  of 
vendor/contractor  facilities  and  capabilities  as  appropriate  is 
desirable  (in  fact,  mandatory).  Networking  of  facilities  would  be 
valuable  and  cost  effective  to  support  specific  end-to-end  test 
objectives. 

Would  ELAPSS  be  a good  asset  for  the  CDL?  There  is  not  a problem 
in  getting  power  for  actuators  (batteries,  power  supplies).  The 
ELAPSS  will  never  obviate  final  integrated  system  test  requirement, 
however. 

Facility  here  will  continue  to  be  a place  we  use  to  demo  items. 
Proprietary  issues  should  not  be  a problem.  Do  we  need  to  address 
EMI/EMC  issues?  Can  ELAs  and  avionics  devices  share  the  same 
power  sources?  Group  seems  to  feel  no. 

Q4 

Budgets  are  universally  slim  and  getting  slimmer.  This  includes 
IRAD  funding  as  well.  Question  exists  as  to  where  resources  will 
come  from  to  "customize"  ELA  development  to  date  to  conform  to 
desired  architectures  and  IVHM  requirements.  NLS  seems  to  be  the 
only  "carrot"  out  there.  Maybe  we  should  let  aircraft  people  take  (or 
maintain)  the  lead  for  ELA  development. 

TTB  I/F  would  be  a good  demo  to  "sell"  EIA  capabilities  since  we  are 
essentially  proposing  a replacement  of  something  that  does  work. 

Q5 

Papers  and  demo  mix  was  good.  Recommend  continued  emphasis  on 
demos  in  future  TIMs  and  other  forums. 

Avoid  having  meeting  span  fiscal  year  transition! 
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MOOG  IR&D  EMA  TVC  ACTUATION  SYSTEM 
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Electromechanical  Actuator 
Dual  Torque  - Summed  Motors 


MOOG 


FORCE  - VELOCITY  TEST  DATA 
MOOG  38  HP  EM  TVC  SYSTEM 
ONSSMETEST  FIXTURE 


690 


0 

0 

0 


ec 

_ O 

1 5 

1 i 

O 2 

g a 

+t  z 

— o 

i/>  5 


< S ^ 

< tc  ^ 

Q QC  Z 

•—  >-  O 

w»  VJ  C 

£ z < 

^ tu  -5 

= H 

0 U 
uj  < 

1 * 

2 s 


v/» 

o 

a. 

Q 

< 

O 


a. 

X 

00 

m 

a 

o 

o 

5 


ORIGINAL  PAQp  IS 
OF  POOR  QUALITY 


691 


4-7-rz. 

* 


o 


^ Cl  ^ 
s W oj 
(-  UJ  h 

< ee  </> 

z u ** 
o 2 z 

r uj  n 

<og 

= uj  -2; 
^ cc  P 

lit 

^ g < 

E > 

I— 

21 

s* 

O oo 


O 

O 

5 


ORIGINAL  PAGE  IS 
OP  POOR  QUALITY 


692 


(■OSd)  *i>V-7 


ORIGINAL  PAGE  IS 

OF  POOR  QUALITY 


693 


TEST  DATA 

LOAD  POSITION  FREQUENCY  RESPONSE  ( ± 5%  COMMAND) 
MOOG  38HP  EM  TVC  ACTUATION  SYSTEM  ON  SSME  SIMULATOR 


17E505  S/N  001 
7-17-92 
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0.25  IN  STEP  RESPONSE 
ON  SSME  SIMULATOR 
(LOAD  POSITION) 
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MOOG 


PERFORMANCE  RESULTS  OF  MOOG 
BRUSHLESS  EM  TVC  SYSTEM 
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FIGURE  3 

DUAL  MOTORS  WITH  SINGLE  SHAFT  CONCEPT 


DESIGN  REQUIREMENTS 
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LOAD  (MAX.)  (IN.-LB.j 
WEIGHT  (LBS.) 
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ACTUATOR  OUTPUT  POSITION 


MOV  PNEUMATIC  SHUTDOWN  ACTUATOR 


RVDT  OUTPUT  VOLTAGE 


FAILURE  DETECTION  BLOCK  DIAGRAM 


0 = 0?  HPTE.-JPOll 
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TEXTRON 


DOCUMENT  NO. 


Kft  TEXTRON  INC. 

A SUBBlOtARY  Of  TEXTRON  INC- 

25J00  VViST  R^e  CANYON  ROAO  • VALJNCiA.  CALIFORNIA  C136S 
HOSI  259  4030  • r*X  910  W6-U3I  * TBlCX  96/1493 


HR77700072 


P/N  X4 1009110 
Date  «P  1 * ^ 
Comments 


EXTENDED  LOCKUP  TEST  (ATP  para.  4.11.4) 

Operator  V*4y 

Loaded 


S/N X oo A 


Item 

Required 

; , Actual 

Load  Direction  Sense 

ccw 

CCO 

Load 

mova 

MG  i//? 

Reduced  Power 

Minimum 

f7l  J J 

Encoder  Reading  (Start  of  Lockup 

1894  ± 2 bits 

/W 

Encoder  Reading  After  10  Min  Lockup 

//////////// 

/ / 

Total  Drift  After  10  Min  Lockup 

82  bits  max 

Load  Direction  Sense 

Active 

/)  crn/£ 

MOV  Load 

Remove 

ft£nr>  o i/&X> 

EC  056 
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(DOCUMENT  NO.  HR 7770007? 


p/N  X41009-U0  . 

Date  3CP  I 3 1992 

Serial  No.  X \ 


ACTUATOR  SLEW  RATE  (ATP  Para  4.9) 
(Page  1 of  3) 

Operator  C^)  


Comments:  - Loaded 


Shaft 

Position 

Input 

Signal 

MFVA 

Load 

Slew  Rate 
%/Sec 

Required 

Open-Close* 

Open 

+ 30  ±1 
mA 

MOVA 
Load 
Fig.  11 

143  coin. 

Open*Close- 

C'.ose 

340  max. 

Cose  to 
Open 

+-3o 

Data  Fig. 
1 

/£/ 

's 

(Failsafe  Switch 
only  Energized) 

Open  to 
Close 

-30 

Data  Fig. 
2 

'll  1*4 

1 

\ 

Reversal  to 
Closed 

>3o 

Data  Fig. 
3 

(Failop  and 
Failsafe  Switch 
Energized) 

Reversal  to 
Opened 

- 3° 

Data' Fig. 

4 

' rr  ? % 

£0  056 
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HR  TEXTRON  INC 
A SUMIOIAAY  Of  TEXTRON  INC. 


DOCUMENT  NO. 


:«200  Wt}T  RYI  C«NVOM  *0*0  • VALIMCIA.  C*U*0«MIA  #0(1 

■1091  its  4 o JO  • rwx  110  )3«  UM  • T(l(X  (S/148J 


HR777Q0Q72 


ACTUATOR  SLEW  RATE  (ATP  Para  4.9) 

(Page  2 of  3) 

P/NX41009110  3/1/  yc>o\  3fP  15)992 


Ot  = 306.0ms 


l/Ot  = 3.24?  H* 


HR 


TEXTRON 


hr  textron  inc. 

A 5U161D1ARY  Of  TEXTRON  INC. 

35200  V»eiT  RYl  CANYON  ROAO  ♦ VALENCIA.  CALIFORNIA  91399 
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DOCUMENT  NO.  HR777QQ072 


ACTUATOR  SLEW  RATE  (ATP  Para  4.9) 


EO  066 
»0W(2) 
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DOCUMENT  NO.  HR777C0072 

xfi  'SXTRCN  (NC 

— 

A SuISIOlARY  OP  TIXTRON  INC. 

35^^0  *est  RyC  canyon  P 0*0  • valSnCIA,  CALIROANIA  JU53 
srsi  719*020  • YW*  gl0.13«  1*M  • T t L » X 53*  1492 

PNEUMATIC  SHUTDOWN  DATA  SHEET  (ATP  Para  4.11.3) 

py  X4 1009 1 10 

Date  SEP  l 5 1992  Operator  Ha 

Serial  No.  V OO  I 

Comments:  Load  


Item 

Required 

Actual 

Pneumatic  Pressure,  psig 

695  ± 10 

6>°)5 

MPVA 

2185  to  2196 

tilt 

Stanlng  Encoder,  bits* 

2168  to  2179 

MPVA 

256  to  299 

zs'l 

Ending  Encoder,  bits* 

253  to  276 

Shutdown  Time,  sec 

1.17  to  2.27 

/se 

. — 

“ Cross  out  non-applicable  line. 
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P/N  X41009110 
Date  SEP  \ 5 1992 


FAIL-OPERATE  PERFORMANCE  (ATP  Para  4.1 1) 
Operator  © 


Serial  No.  XOCI 


Comments: Loaded 


Item 

Required 

Actual 

# 1 Input 

+ 24  M amp 

+ 2V 

#2  Input  - 

-24  M amp 

- 7*4 

Fail-Op  Energized 

20  M amp 

Z o 

Failsafe  Energized 

20  M amp 

r -2.0 

Ending  Encoder  Reading 

777 

Starting  Encoder  Reading 

7S& 

Diff.  = Uncontrolled 
Actuator  Travel 

78  bits  max. 

Encoder  Reading  @ Travel  Reversal: 

Encoder  Reading  @ Fail*Op  Energized: 

A Position  = Uncontrolled  Actuator  Travel: 
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WATER  FLOW/CRYOGENICS  WITH  MOV 
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CONTROL  SYSTEM  ACTUATOR 
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ALLIED-SIGNAL  RESEARCH 
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EM  TVC  TRANSIENT  LOAD  COMPENSATION 
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GENERAL  DESCRIPTION  OF  ACTIVE  COMPENSATION 
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REACTING  TO  A TRANSIENT  LOAD  IS  IN  THE  ORDER  OF  19  Hz.  THIS  IS  COMPATIBLE  WITH 
REQUIREMENTS  FOR  COMPENSATING  A 12  Hz  TRANSIENT  INPUT. 
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PEAK  LOAD  TO  WITHIN  STRUCTURAL  LIMITATIONS  WHICH  IS  TAKEN  TO  BE  60,000 
LBS. 
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